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SECTION I

INTRODUCTION AND SUMMARY

An essential requirement of military STOL tactieal transports
planned for the 1980 time period will be to operate from airfields
of 2500 feet or less. These aircraft will use thrust reversers

as primary braking devices throughout the landing ground roll.
Also, some STOL concepts will use thrust vectoring systems to
help control the flightpath of the airplane and reduce take-

off and landing speeds. Consequently, emphasis must be placed on
designing efficient and reliable thrust reverser/vectoring systems
to achieve the field length objective.

Commercial jet aircraft have used thrust reversers as secordary
braking devices since the beginning of their operation. However,
the complex problems caused by the interactions between reverser
exhaust and aircraft flowfields have limited their usefulness.
These problems include exhaust gas recirculation which can lead
to engine surge, impingement of exhaust gases on the ground or
adjacent aircraft surfaces, and engine mass flow matching. Also,
the reverser flow can cause blanking out of aerodynamic control
surfaces leading to a loss in aircraft directional stability

and control, buoyancy effects that decrease the efficiency of

the ground braking systems, and changes in airplane drag. All

of these problems have been experienced during the development

of existing commercial aircraft. However, the availability of
long runways has made it unnecessary to completely resolve the
interactions between the reverser and aircraft flowfields.

To avoid the limitations of existing systems on future STOL aircraft,
attention must be given to the fcllowing technical areas:

o TR/TV performance

0 Exhaus* gas flowfield

0 Aerodynamic interference

o Engine operation

o TR/TV system design including weights and structures
The abcve considerations have significant influence on nacelle
placement, thrust reverser and vectoring system geometry, and

operating envelope.

The Boeing Company, with subcontr-ct support from Pratt & Whitney
Aircraft conducted an 18 month research program to study the above




technical areas. The program was administered by the Air rorce
Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio.
Program objectives are:

1. To develop methods to predict thrust reverser and thrust
vectoring system performance.

2. To establish design criteria for high efficiency, lightweight
thrust reversers or thrust vectoring systems for STOL aircraft.

The program has three parts:
Part IA--Data Review and Analysis
Part IB--Design
Part IC--Model Testing
Part IA consists of three tasks:
Task 1.1 - Review and correlate TR/TV data
Tash 1.2 - Construct computerized analytical models
Task 1.3 - Plan and conduct supplemental tests
During Task 1.1, existing data were reviewed for possible appli-
cation to computer programs for thrust reverser and vectoring systems.
Literature searches of DDC, NASA, and Boeing files resulted in
approximately 160 references applicable to TR/TV systems. The re-
sults of the data review were used to develop data correlations for
0 Cruise nozzles
O Thrust reversers
0 Thrust vectoring nozzles
O Cascade lattices applicable to cascade TR and TV nozzles
Computer programs for predicting TR and TV nozzle performance and

evaluating TR and TV influence on the total airplane system were
developed during Task l.2. Three programs were developed:

1) Jet Trajectory and Spreading Program -- to predict the shape
and trajectory of the thrust reverser or vectoring nozzle exhaust
plume.

2) Reingestion Prediction Program -- to predict the on-set

of reingestion for arbitrary thrust reverser and air-
plane configurations as a function of geometry and flow
conditions.

3) TR and TV System Performance Program -- consisting of four
modules to predict:




TR and TV Internal Performance
Aerodynamic Performance
Reingestion

Engine Stability Margin

0o0o0O

The TR and TV Internal Performance Module was assembled using

the data correlations developed during Task l.1. The Engine
Stability Margin Module was developed by Pratt & Whitney

Aircraft. Available reingestion and aerodynamic data for existing
conventional take-off and landing aircraft were not applicable

to the Reingestion and Aerodynamic Performance ‘nodules. A low
speed wind tunnel test of STOL airplane TR and TV configurations
is required to obtain the necessary data. However, logic was
provided tc allow easy incorporation of data into the modules

as data become available.

Task 1.3 coasisted of planning and conducting supplemental static
test to fill data voids discovered in the open literature. Tests
were conducted to determine:

1) Multibearing vectoring nozzle performance as a function of
parametric geometry variations

2) Blocker door geometry effects on the performance of annular
blocker/cascade thrust reversers

The results were incorporated into the Internal Performance Module
of the TR and TV System Performance Program.

Detailed descriptions of the results of Part IA are provided in
the following sections. Detailed results of Parts IB and IC
are provided in Volume II.




SECTION II

PART IA - DATA REVIEW AND ANALYSIS

2.1 Task 1.1 Review ané Correlate TR/TV Data

The objective of Task 1.1 was to review the existing literature
for data pertinent to TR/TV systems and to correlate the data

as a function of fundamental geometric and aerodynamic para-
meters. The data correlations are used to predict TR and TV
nozzle performance. The first step of this task, a litera-

ture search, was made prior to start of the study contract. The
literature search included the following sources of information.

1) Defense Documentation Center computerized

literature search. This search was updated
during Task 1.1

2) Computerized literature search of NASA reports

3) Boeing documents, STAR and TAB abstracts,
technical journals (search performed by
Boeing library personnel)

4) Foreign literature available through services of
the Boeing International Corporation

5) Patent search

Approximately 160 reports found during the literature search
were obtained and reviewed. Boeing was assisted in the litera-
ture review by the subcontractor, Pratt & Whitney Aircraft,

who provided references and abatracts. Results were publish-
ed as an Air Force Technical Report (Ref. 1l). The data review
document contains three types of information.

Bibliography Summary Chart

A typical bibliography summary chart for thrust reverser
systems is shown in Table I. This chart summarizes information

extracted from reports and cross references them by subject
matter.

Report Abstracts

Abstracts were written for all reports reviewed. Abstracts
describe contents of the report and provide an objective
assessment of applicability and usefulness of the contents.
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Data Review Charts

A sample data review chart is shown in ~able II. This chart
contains a sketch of the TR or TV configuration, summarizes

the range of test variables, and lists the type of data con-
tained in the report. Comments are included comserning the model,
data qualitybor usefulness of the data.

The second major objective of Task 1.1 was to formulate data
correlations for thrust reverser and thrust vectoring systems

as functions of fundamental geometric and aerodynamic parameters.
Correlations were developed for the following types of TR/TV
nozzles:

1) Cruise nozzles
a) Conical
b) Annular
c) Noncircular

2) Thrust reversers

a) Target (clamshell and annular)
b) Blocker deflector and blocker cascade

3) Thrust vectoring nozzles

a) Single bearing

b) Three bearing

c) Spherical eyeball \
d) Lobstertail

e) External deflector

4) Cascade lattices applicable to cascade TR and TV nozzles

Data correlations for the above TR/TV nozzles are described )
in the following paragraphs.

2.1.1 Cruise Nozzle Data Correlations

This section describes methods used to predict cruise nozzle
performance in terms of velocity and discharge coefficients.
Extensive parametric data for convergent conical nozzles are
presented covering a wide range of wall angles and diameter
ratios. Analytical results are also presented «nd compared
to experimental data.

Conical Nozzle Velocity Coefficient

A sketch of a conical nozzle is shown on page 8.
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Results from a parametric test of 16 convergent conical
nozzles (Ref. 2) are shown in Figures 1 to 4. The data show
small but definite effects due to wall angle Of and diameter
ratio Dl/DZ' These data are used in the Internal Performance
Module of the TR and TV System Performance Program. Pen-
alties due to skin friction and underexpansion losses are
charged separately, as shown in Figure 1. If the nozzle exit
is offset from the nacelle centerline, which is typical of
single bearing vectoring nozzle designs, then the ZBCV penalty
shown in Figure 5 is charged.

During preliminary design studies, the simplest method of pre-
dicting nozzle performance, termed a "Level 1" prediction, is
adequate because the nozzle geometry is not well defined. The
nozzle is charged with AC, = 0.005 for skin friction losses
and offset losses from Finge 5. In addition, underexpansion
losses are charged for supercritical pressure ratios as shown
in Figure 6.

Conical Nozzle Discharge Coefficient

Experimental results for convergent nozzle discharge co-
efficients (Ref. 2) are shown in Figure 7. Note that wall
angle, diameter ratio, and pressure ratio have significant
effects on discharge coefficient. Experimentally determined
choking pressure ratios are indicated on the curves by tic
marks. A shaded band has been drawn bracketing the experimental
points. The choked discharge coefficient levels are summariz-
ed in Figure 8 as a function of wall angle and diameter

ratio.

Annular Nozzle Velocity Coefficient

A sketch of an annular nozzle is shown below.

po— L
i |

s

AR
- S




P T LS 008

1t =%asta
SITZZON TVIINOD HOH ANFIDI=430T
ALID0TIA NO FTONY TTYM 40 LI3F543F 1 34nbiy

*4/NLy 011vy 3uNSSIN 312ZON

A

0's oy 0t (1)rd ot
$6°0
96°0
{60
860

//
X a = W .
NOISNVIX3 43 b}.ﬂ II/J/// - — e les0
/ ———
) h ——
NOILOIYS 2_¥m~>0g _
i ol
Tz — e c—
TIIZ , o06
T ) g
Gl == —————
NQ - o

il )

't = %asta

JAHND

0 'AN312149300 ALIDOTIA




sz'L=%asta
‘SITZZON TVYIINOD HOH SINIIDIZ430I
ALIDOTIA NO FTONV TTVM H0 1D3443 Z 3nbiy

®4/NLg ‘011 vy IUNSSIYL 31ZZON

oS oy 0t 0z ol
1 S6C
960
<
m
(60 ©
o
8
a
860 I S
Q
m
b4
=
(o]
<
660
ot
008 —— — ~———
o0 —— ———
om-. - ———— —
oS
D IAUND
sz'1 = %asta




91 =%a/ta
‘S31ZZON TVIINOI HOH SLN3IDI4430D
ALIDOTIA NO 3TONY TTVM 4O 123443 € aunbid

*4/N14°011vY IUNSSIUL 312ZON
0's or o€ 0z

O AT 2 A

oL

L60

ol

%QI -— —
0F —— ——
oSl == ==
oS

D IAYND

91 =%0/'a

Ay 1N319144300 ALIDOT3A

11




03

o'y

e6°1 =%a/ba
‘S372Z0N TVIINOI HOH SINIIDI4430D

ALIDOTIA NO FTIONVY TIVM 40 103443 -y aunbid

<d/NLg .Or_.o@% 3YNSS3Ud 3712ZZ0N

11 4

ot

160

8
Q
A3 1N31D144300 ALIDOTIA

&
©

oSl == =———

of
D IAYMD

e6'L = %asta

ot




0.12
n ]
0.10
)
o> 0.08
q
[y
4
w
X G \
& 006
w
Q
[8)
..>_' AR 08
o L
o .-
' d oo ‘[\\
>
\ 08
0.02 \c;
04
~—— 0.2‘
0 ]
1.0 20 30 40

NOZZLE "RESSURE RATIO, Py /P,

Figure 5: EFFECT OF NOZZLE OFFSET ON VELOCITY
COEFFICIENT LOSSES

13

2 P Korls SRR ren




0's

SOILVY FHNSSIYd TVIILIHIYIINS LV SIT12ZO0N
ANIOYIANOD YO SISSOT NOISNVIXIYIANN
AN312144300 ALIDOTIA TVIILIYOIHL 9 anflig

<a/NLy 01wy FHUNSSIUJ 312Z0N
or ot oz

460

ol

Ay 1N212143309 ALIDOT3A

14




DISCHARGE COEFFICIENT, Cy
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=

1.0 20 3.0 4.0
NOZZLE PRESSURE RATIO, Py\/Po,

Figure 7: EXPERIMENTAL DISCHARGE COEFFICIENT
CURVES FOR CONVERGENT CONICAL NOZZLES

15




CHOKED DISCHARGE COEFFICIENT (Cp)

NOTE: CONICAL CONVERGENT NOZZLES
CHOKE ~T PRESSURE RATIOS HIGHER
THAN CRITICAL. CONSEQUENTLY Cp CHOKE
DOES NOT APPLY AT CRITICAL Py/Py,

1.00

e S b e e e o e ———— =+ S it s =8 i e b © = e et + e

EXPERIMENTAL 0
ESTIMATED

Figure 8: PARA=TRIC STUDY OF CONICAL CONVERGENT
NOZZLES - Cp CHOKE
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Test results are used to predict the AC,, penalty of annular
nozzles relative to conical nozzles. Regults from Boeing

tests of JT3D and C-5A fan nozzles are shown in Figure 9. The
conical nozzle C, data are charged with this additional increment
to predict annulgr nozzle performance.

Annular Nozzle Discharge Coefficient

Review of the literature did not produce a usable set of data
for annular nozzle discharge coefficients. However, a combin-
ation of conical nozzle data and theory was developed that is

adequate. Boundary layer theory is used to determine discharge

‘coefficient assuming only viscous losses, i.e., no vena con-

tracta or three-dimensional flow effects. For a conical nozzle,

c o .28
Oconical nowie R (1)

where R is the nozzle exit radius and 8&* is the boundary
layer displacement thickness at the nozzle exit. For an
annular nozzle,
_ 28"

Ro-R: (2)
where R.and R_are the annular nozzle inner and outer radii.

Assumin§ that®the conical and annular nozzles have the same
length, area, exit Mach number, and Reynolds number

-
-

Dannular negeie

. ¥
scgm‘u\ P annular (3)

Eliminating 9®* between Equations 1 and 2 and solving for

CDannular gives
Co‘“"““r =l ﬁ— (‘ - Comnieal) (4)
The term CDconical is obtained from the conical nozzle data

at choked flow conditions, Figure 8. Equation 4 is used to

calcuate ('D annular at choked conditions.

In order to predict C_ at subcritical pressure ratios, the
analytical method of Bragg (Ref. 3) is used. Bragg's analytical
discharge coefficient curves are shown in Figure 10. Bragg's
results are erroneous for pressure ratios greater than choke.
Consequently, the curves were corrected by making C_. constant
above the choked pressure ratio. The choking line 3as taken
from Figure 7. A good check of the accuracy of Bragg's theory
is made by overlaying Figures 7 and 10.

Bragg's theory does not permit the discharge coefficient to be
calculated for a particular nozzle geometry. It predicts how
the discharge coefficient of a nozzle, known under choked flow
conditions will vary for subcritical pressure ratios. To use
Bragg's method, the choked discharge coefficient is located on

17
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the right side of Figure 10. The curve is followed back to the
left by fairing in the best fit at the choke line.

Noncircular Nozzle Velocity Coefficient

Noncircular nozzles have rectangular, D-shaped, or elliptical
shaped cross sections as shown in the sketches below.

TN
~

(1)
C )

The prediction method for noncircular nozzles employs an
equivalent hydraulic diameter correlation developed to predict
the maximum velocity coefficient of suppressor nozzles, as

shown in Figure 11 from Ref. 4. If the losses are assumed to be
caused predominantly by skin friction losses in the boundary
layer, the maximum velocity coefficient of circular convergent
nozzle is given by

4.6
C = |- —

( mex Circulanr ! D (3)
where D is the diameter and © is boundary layer momentum
thickness at the nozzle exit. The maximum velocitys coefficient
occurs at a pressure ratio such that the convergent nozzle is
choked but does not exhibit any underexpansion loss. This
typically occurs at a nozzle pressure ratio of about 2.2. By
dimensional analysis, it can be shown that for noncircular
nozzles,

(CV mu) = ( ‘,}5%5) (6)

noncircular

where C__ is the maximum velocity coefficient of a standard
convergXﬁt nozzle, and Dhe is the equivalent hydraulic diameter

D - N4 area’

he ~ oerimeter (7

20
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The percent loss in velocity coefficient relative to the
standard nozzle is given by

.é..c.:.‘!_ - - (CVMGx)noncinular
=1 = (8)
Cvs Cyvs

To apply the equivalent hydraulic diameter correlation to a
noncircular nozzle, the parametric velocity coefficient data
shown in Figures 1 to 4 are used to obtain the nozzle skin
friction loss AC The increase in skin friction loss due to
increased wetted Xrea of the noncircular nozzle is given by

(Cvm l) nelrenla
ACVWC?M are (I - ‘C:: = ')(' - Acvskln ‘Fricﬁon) (9)

incrsase

Noncircular Nozzle Discharge Coefficient

Boundary layer theory is employed to predict discharge co-
efficient penalties. Assuming only skin friction losses, .

_ .48
Cy skin friction = | = 5~ (10)
D gkin friction ] (11)

Combining Equations 10 and 11 gives

JA) CD skin friction HA CV skin friction (12)

where H = §*/6 is boundary layer shape factor. For a turbulent,
flatplate boundary layer with M, = 1, a good value for H = 1.7,
The discharge coefficient penalty due to wetted area increase

is given by

Acomﬂdam = HACVwcﬁd ares (13)

incresse increase
The maximum discharge coeeficient is given by

Comar ™ Cocmere ~ B Co watted ane (14)
increase
where CD choke is obtained from the conical nozzle choked dis- ¢

charge coefficient data, Figure 8. Discharge coefficient is pre-
dicted at lower pressure ratios using Bragg's theoretical

curves with CDmax from Equation 14 as the choked discharge co-

efficient value.
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2.1.2 Thrust Reverser Data Correlations

i This section describes data correlations developed for several
types of thrust reverser systems. Boeing was assisted in
) formulating the data correlations by Pratt & Whitney Aircraft
r who provided data for annular target and blow-in door
ejector thrust revercers.

Clamshell Target Thrust Reverser

A clamshell target thrust reverser is shown in Figure 12. Clam-
shell target reversers are used on the 737, DC-9, and C-141 air-
planes. An experimental study of geometric variables influenc-
ing the static performance of clamshell target reversers is
presented in Ref. 5. The geometric variables are defined in

] Figure 13. Table III summarizes the range, nominal value, and
the figure number showing the effect of each geometric variable
on corrected static reverser efficiency.

Table III: SUMMARY OF CLAMSHELL TARGET THRUST REVERSER

' GEOMETRIC VARIABLES
Geometric Nominal '
Variable Definition Test Value Range Figure
N X/D Setback ratio 0.94 0.81 — 0.94 14
L/D Door length ratio 1.0 0.90 —=1.20 15
LH/D Average lip 0.106 0.0545—= 0.121] 16
height ratio
) 0 Sweep angle, 10 0 —-15 17
degrees
© Arc angle, degrees 140 120 —180 18
) Cone angle, 10 0 =10 19
degrees
8 Bevel angle, 0 0 —40 20
degrees x

In addition to the geometric variables, nozzle pressure ratio was
varied from 1.2 to 1.98. Data were taken for corrected static
reverser efficiency, 7, and airflow match, $. 1In functicnal
form, Re -

e §(Pw X L IK
’(Rc' ‘(pn’o) o’ o)a)e)'x)e) (15)

Ak s s B PAmE
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NOZZLE

B
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m‘f \

p— X DESIGN PARAMETERS
SETBACK= X

[ DOOR LENGTH = L
LIP HEIGHT = LH
SWEEP ANGLE = A
) | ARC ANGLE = 0
CONE ANGLE =«
BEVEL ANGLE = §

-

Figure 13: CLAMSHELL TARGET THRUST REVERSER
GEOMETRIC VARIABLES
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CORRECTED STATIC REVERSER EFFICIENCY. 7 oc = (F /W) e\ /(FM)pyny

DOOR LENGTH RATIO
AVERAGE LIP HEIGHT
SWEEP ANGLE = X = 10°

ARC ANGLE 0 = 140°
CONE ANGLE a= 10°

BEVEL ANGLE = § = 0°
NO SIDE FENCES

L/D=0.95
LH/D = 0.106

0.55

0.50 S

045

0.40 AN
N
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0.3%

0.3

0.26

08

Figure 14: EFFECT OF SETBACK RATIO ON STATIC
REVERSER EFFICIENCY, CLAMSHELL

09

SETBACK RATIO, X/O

TARGET THRUST REVERSER
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CORRECTED STATIC REVERSER EFFICIENCY, 1RC
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Figure 15: EFFECT OF DOOR LENGTH ON STATIC
REVERSER EFFICIENCY, CLAMSHELL
TARGET THRUST REVERSER
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CORRECTED STATIC REVERSER EFFICIENCY, nipe = (F,M)ggy/FW)gy

SETBACK RATIO = X/ = 094
DOOR LENGTH RATIO = LD =10
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Figure 17: EFFECT OF SWEEP ANGLE ON STATIC REVERSER EFFICIENCY,
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DOOR LENGTH RATIO = LD = 1
AVERAGE LIPHEIGHT = LH/D = 0.106
SWEEP AMGLE = \ = 107

[ CONE ANGLE = a = 10°

BEVEL ANGLE = § = 0°

NO SIDE FENCES

0.60 -

o
tn
]

g

2
1

e
3

i

CORRECTED STATIC REVERSER EFFICIENCY, 7o¢ = (F, W) e\/(FMW)pywp

- '

0.254

120 140 180 180
ARC ANGLE, 0 ,DEGREES

Figure 18: EFFECT OF ARC ANGLE ON STATIC REVERSER
EFFICIENCY, CLAMSHELL TARGET THRUST
REVERSER 20




CORRECTED STATIC REVERSER EFFICIENCY, Tigc = (F,Wlgey/(FM)ewp

SETBACK RATIO = X/D = 0.84
DOOR LENGTH RATIO = L/D = 1,0
AVERAGE LIP HEIGHT = TH/D =0.106
SWEEP ANGLE = A = 10°
ARCANGLE = 0 = 140°
BEVEL ANGLE = § = 0°

055 4+ NO SIDE FENCES

,PTN/Pw =1.98
4 1.8
0.50 P
. 7
L~ .
’
PR
P L 1.6
/’ ’ /
0.45 > -
P4 -
/, . / 4 1.4
e V
P <
0.40 .’ '/ N
// ,° 1.2
/’ / /
P p ..' /
0.35 , L ’/
. ' d
/ e
, /
B ’
0.30 v /’

0.25 V] ‘

0.20

0 5
TARGET DOOR CONE ANGLE, a, DEGREES

10
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Nozzle pressure ratio and setback distance X/D were the only
variables that significantly affected airflcw match.

P
ke g('g.f’%) (16)

Effects of setback distance on airflow match are shown in Figure
21. The baseline corrected reverser efficiency and airflow match
curves are shown in Figure 22. The procedure used to predict ﬂkc
and ® for an arbitrary clamshell geometry is to assume that
effects of the variables in Equation 15 are independent. This
assumption is necessary because the test did notinclude all
possible combinations of parameters. The equations for corrected
reverser efficiency and airflow match then become:

Nre = (n“c)SASELlNE-* (An“‘- x/o t (A%RC)L/D + (DMec ti/o
+(Ankc 2 + (Ankcg + (A”Rc)g( + (A”m}e (17)

i< 3 LAY ) S (18)

BASELINE

where the incremental terms are found by subtracting the baseline
values from Figures 14 to 21, e.g.

O = Moo = (7
( 7?3,_),/0 (7ln )%34 Rr.)%;f.ﬂﬂ (19)

Annular Target Thrust Reverser

A sketch of an annular target thrust reverser is shown below.

.

Several excellent data sources exist for annular reversers

(Ref. 6, 7 & 8). Acorrelation for corrected reverser

efficiency that summarizes the data sources is shown in Figure

23. The correlating parameter for 7 is blockage angle minus
door angle, ¢-6 , as identified in F§§ure 23. As £-6 increases,

MR approaches the limiting value of cos & . The parameter

PO
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¢-6 was found to improve the ability to correlate annular
TR data.

The airflow match data are correlated as a function of throat
gap over annulus height in Figure 24. The Boeing 707 and Pratt
& Whitney Aircraft data are for a poStexit annular target
reverser. Because the controlling area for a postexit reverser
is the cruise nozzle ared, the limiting vaiue for airflow match

$¢ equals 1.0. On the other hand, the Boeing C-5A proposal data
are for a pre-exit annular blocker deflector reverser., The
controlling area in the TR mode is larger than the cruise nozzle
are so & is greaterthan 1.0. The equation for airflow match is

3 - Wi . Cor An
W ~ Cor As (20)

where w is mass flow rate, C_ is discharge coefficient, A is
exit area and subscripts = aRd f refer to reverser and forward
thrust modes, respectively. Equation (20) was used to calculate
discharge coefficient ratio from the Boeing C-5A airflow match
data. The resulting data correlation curve for discharge co-
efficient ratio is shown in Figure 25.

Blocker Deflector Thrust Reverser

Data correlations were developed for two types of blocker de-

fleccor reversers, a blocker with cascade deflectors, and a

blocker reverser with deflector doors. Cascade blocker deflector
thrust reversers are used on the 707, 747, DC-10, and L-1011 '
airplanes. Blocker reversers with deflector doors are used on

the 727 and F-1llA airplancs.

The cascade blocker deflector shown in Figure 109 on page '163
was tested during the Task 1.3 supplemental static test and the
results are ditcussed in Section 2.3. Baseline performance of
the blocker reverser with deflector doors is presented in Figure
26 from Ref. 9. The effects of blocker door cone angle on
reverser efficiency and aizflow match are displayed in Figure 27.

2.1.3 Thrust Vectoring Nozzle Data Correlations

This section describes data correlations developed for several

types of thrust vectoring nozzles. Boeing was assisted in this
ask by Pratt & Whitney Aircraft, who provided data for single-
:aring and spherical eyeball vectoring nozzles.
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Single-Bearing Nozzle

Sketches of single~-bearing nozzles are shown below.

<

Considerable geometric flexibility is possible by varying the
nozzle offset, bearing plane angle, and bearing duct angle.
Single-bearing nozzles frequently are designed in symmetric
pairs to mihimize assymetric engine side loads. Theoretical
thrust components for a single-bearing nozzle or half of a
dual swiveling single-bearing nozzle are given by

Fx/E = | - SIN®G ((-cosg) (21)
Fy/Fa= SINX SING COSB (I~COSP) ~ COSX SINS S INg (22)
Fo/Fp» ~COSK SINB COSB (1-COSB) ~ SINX SINS SING (23)

where the resultant force Fr is given by
a
- 2 t 11
F.= (Fy + Fy +FY) 24)

The (x, y, 2z) coordinate system and angles &, @&, andﬁare defined
in Figure 28. Theoretical thrust components for a nozzle with
bearing plane and duct angles of 45 and 58 degrees are given in
Figure 29. The theoretical flow turning angle is given by

- [ Fx
n = cos (-F-: (25)
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Vector angle is given by the following equation

7 = o (359

(26)

Several data sources exist for singie-bearing nozzle performance
(Ref. 8, 10,and 11). As shown in Figure 30, the various data
sources agree fairiy well considering the geometric differences
between test configurations. Consequently, data supplied by
Pratt & Whitney Aircraft was selected for use in the Internal
Performance Module.

Three-Bearing Nozzle

Data measured during the Task 1.3 supplemental static tests are
used to predict three~bearing nozzle performance. The data
are discussed in Section 2.3,

Spherical Eyeball Nozzle

A sketch of a spherical eyeball nozzle is shown below.

Velocity and discharge coefficient performance is shown in
Figure 31 from Ref. 8 and 1ll.

Lobstertail Nozzle

A lobstertail (also known es aft hood deflector) sketch is shown
below.
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Velocity and discharge coefficient performance for 95-degree
vector angle is shown in Figure 32 from Ref. 8. Effects of
vector angle and nozzle pressure ratio on C and C_ are given in
Figure 33. The cruise nozzle CV and C, are estlmaged to be
0.995 and 0.98, respectively at choked conditions. Bragg's
theoretical discharge coefficent curves are used for CD at

intermediate vector angeles.

External Deflector Nozzle

External deflector nozzles employ a flat plate or curved surface
downstream of the nozzle exit to deflect the flow, as depicted
in the following sketch.

S
<
~

~. />
"flat plate" "curved" "hinged"

Veriables include nozzle pressure ratio, deflection angle 6,
setback ratio X/D, and door length ratio L/D. The effect of
deflection angle on C,, and choked C, for flat plate and curved
deflectors is shown 1X Figure 34 fog nozzle pressure ratio

= 2.0. Choked dlscharge coefficient is used with Bragg's
tﬁgoretlcal curves to give C_ at subcrzt&cal pressure ratios.
The effect of pressure ratio on Cv at 70° deflection angle is
shown in Figure 35.

Existing data were found inadequate to predict =2ffects of
setback and door length ratio. Theoretical results showing the
effect of door length ratio on deflection angle are shown in
Figure 36 from Ref. 13. Theoretical contraction ratios for
mitre bends (Ref. 14) ‘were used to calculate the effect of
setback ratio on nozzle airflow match as shown in Figure 37.

The theory predicts a lower airflow match than indicated by test
data, probably due to snillage around the sides of the plate

for the test model. Spillage is not possible for the two-
dimensional, incompressible potential flow model.

During Part 1C of this program, a hinged external deflector was

tested statically to determine its performance both as a thrust

reverser and as a vectoring nozzle. Data correlations were

developed showing the effects of setback ratio oun airflow match

and vectoring efficiency. The test results and data correlations p
are discussed in Volume II,
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2.1.4 cCascade Lattice Loss Correlation

Correlations were employed to predict losses across TR or TV
cascade lattices in terms of velocity and discharge coefficients.
The prediction method employs pressure loss data of Ainley and
Mathieson (Ref. 15) and a momentum thickness correlation
defeloped by Stewart (Ref. 16). Ainley and Mathieson's data
are used to obtain total pressure loss, exit Mach number and
exit flow angle. The entrance and exit flow properties .

used to calculate reaction across the blade row. Reaction is
used in Stewart's correlation for trailing edge momentum
thickness. Velocity and discharge coefficients are readily
determined from boundary layer momentum and displacement
thicknesses.

A commonly used system for defining the geometry of a blade

row and the flow angles relative to a blade row is illustrated
in Figure 38, Flow inlet angle &, is a required input for the
analysis. For thrust reverser lattices, &, may vary from 0 de-
grees to 90 degrees along the blade row. Consequently, a
logical range of values should be used when analyzing a particu-
lar design. Also, note that the values of flow outlet angle &,
are numerically negative in Figure 38, For thrust reverser
lattices, discharge angle 6, is related to &%, by the following
equation.

8, 90" + 0, (27)

A family of profile loss curves are shown in Figure 39 for
reaction blades at %ow Mach number (M<0.5), high Reynolds
number (Re = 2 x 107), and zero incidence. Profile losses are
presented in terms of pressure loss coefficient, YP.

YP = loss of total pressure
total pressure tatic pressure
[a (28)

t blade outlet| lat blade outlat

A family of curves for profile losses of impulse blades is shown
in Figure 40. Profile losses of blades intermediate between
reaction and impulse blades are interpolated by the following
equation:

- o B s ] s

In order to find the variation of profile loss with incidence
angle, it is necessary to find the stalling incidence (i),
defined as the incidence at which the profile loss is twlce the .
minimum loss. The variation of stalling incidence and flow 1
outlet angle with pitch to chord ratio is shown in Figure 41,

The effects of blade inlet angle and flow outlet angle on stalling
incidence are shown in Figure 42. The stalling incidence found
from Figures 41 and 42 is used to find the relative profile loss
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and change in flow outlet angle from Figure 43. For positive
incidence angles, the flow outlet angle decreases with increasing
losses. Effects of exit Mach number M, are shown in Figures

44 and 45. Flow outlet angle is obtaiﬁed from Figure 44a for
exit Mach number M, < 0.5 and Figure 44b for M, = 1.0. Linear
interpolation is uged for intermediate Mach numgers. The effect
of exit Mach number and blade trailing edge curvature on re-
lative blade profile loss is given in Figure 45.

Effects of Reynolds number are shown in Figures 46 and 47. Pro-
file losses and flow outlet angle decrease as Reynolds number
increases.

Entrance and exit flow properties (Figures 39 to 47) are used to
calculate reaction across the blade row:

R=|-!'- (30)

where V., and V., are entrance and exit velocity. A correlation
between reactian and trailing edge momentum thickness was
established by Stewart (Ref. 19) as shown in Figure 48. The
following equation corrects for Reynolds number effects.

-1
Br (B0 [3_,_]/5
4 "\L/,LRe, (31)
where ( 6,/ ), is obtained from Figure 48 and baseline

Re,=300,000. The fraction of momentum loss based on actual weight
lew is given by the following equation for a »wo-dimensional

cascade.
LOVRAY
mz’u’ s (! )(?C)*‘(;:SO&) (32)
- cosol,

where total boundary layer displacement thickness at the blade
trailing edge 84 is related to momentum thickness 6, by the
equation

H = ?f- (33)

Data and theory for form factor H are shown in Figure 49. The
term m, ., considers the blades to have infinite length. 1In a
cascade, however, there are end walls and stiffeners that also
have boundary layer losses that are appreciable. Losses on
these surfaces are assumed equal to the average loss occuring
on the blade surfaces. Therefore, the factor to correct for
end walls is given by the area ratio

Aso _ Aviade t Awall _ | 4 Awal (34)
A Abtade Aviade
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For a cascade lattice with no stiffeners, it can be shown that

Aso |+ Sos 8
Ao TR (35)

where § is stagger angle (see Figure 38) and blade aspect ratio
AR = blade length/chord. If the cascade lattice has stiffeners,
their wetted area should be included in the term Awall of
Equation >+. The area ratio A3D/A2D is used to correct m,,, for
losses on end walls and stiffeners.

- Asp
Ma30 = Me2p Ao (36)

Velocity coefficient is given by

Cy = I1=my, - ACY underexpansion losses (Fis.c) o7

Discharge coefficient is given by
CD = '“Hmz)so (38)

The prediction method computes C,, and C_. for cascade lattices.
To obtain reverser efficiency, vgctor e?ficiency, and airflow
match, the following equations are used:

_ _Clcoser
1("3 " T Cut (39)
_ &v
%V& " TCvs (40)
Ar
g = Lo Ar 41

2.2 Task l.2--Construct Computerized Analytical Models

The purpose of Task 1.2 was to develop computer programs for
predicting TR and TV nozzle performence and evaluating TR and

TV influence on the total airplane/engine system. Three computer
programs were developed:

1) Jet Trajectory and Spreading Program (TEM-356A)

2) Reingestion Prediction Program (TEM-356B)
3) TR and TV System Performance Program (TEM-357)
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The numbers in parenthesis are permanent identification
numbers assigned to the programs by Boeing Computer Services,
Inc. Further description of the programs is provided in the
following sections.

2.2.1 Jet Trajectory and Spreading Program

The purpose of the Jet Trajectory and Spreading Program

TEM-356A is to predict the shape of the exhaust plume emanating
from a TR or TV nozzle. The exhaust plume definition is used

to predict potentially severe aerodynamic interference and control
problems that could be caused by plumes impinging on or passing
close to flight control surfaces. The program also is used to
provide definition of TR exhaust plumes to the Reingestion
Prediction Program TEM-356B as described in Section 2.2.2.

As an example of the program's usefulness and purpose, Figures
50 to 52 show a thrust reverser exhaust plume for a two-engine
STOL transport. The jet plume was computed by TEM-356A to
determine the jet trajectory and plume shape relative to the
aerodynamic control surfaces at 110 ‘knot freestream velocity.
Most STOL transports are expected to land at about 90 knots,

so 110 knots should represent a more critical condition for

tail interference effects. The thrust reverser efflux appears
to impinge on the horizontal stabilizer in the side view. How-
ever, the front view shows that the lower vortex lobe is outboard
of the stabilizer. The analysis indicates that the thrust re-
verser plume would not cause any severe aerodynamic interference
problems by impinging on flight control surfaces.

A diagram showing inputs and outputs of the Jet Trajectory and
Spreading Program is given in Figure 53. Inputs cons.st of

TR or TV nozzle position, orientation, exhaust flow direction,
the type of jet and nozzle and freesteam flow conditions. Out-
put consists of the jet centerline in (x, y, z) space and con-
tours of the jet cross sections defining the boundaries between
the TR or TV exhaust flow and freestream flow. The analysis
uses an empirical equation “or the jet centerline, empirical
jet spreading coefficients, and theory for the jet cross
section. The following sections describe the analysis in more
detail.

Jet Trajectory Equation

There are numerous empirical equations that predict the trajectory
of a jet in a crossflow (Ref. 17 to 24). Table IV summarizes
empirical equations for the jet trajectory, together with their
respective ranges of validity. The empiric .l equations were
obtained by curve-fitting data from flow visualization experi-
ments. Comprehensive revicws of the empirical equations were

made by Filler (Ref. 25) and Margason (Ref. 24). Filler con-
ciuded that empirical equations of Ivanov, Shandorov, and

Margason compared favorably within their respective ranges of
validity. Margason also concluded that Ivanov's equation provided
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JET TRAJECTORY AND SPREADING PROGRAM

INPUTS:

1. TR or TV NOZZLE POSITION AND ORIENTATION
2, TR or TV EXHAUST FLOW INITIAL DIRECTION

3. TYPE OF JET
a. ROUND
b. RECTANGULAR
c. TWO-DIMENSIONAL
d. ANNULAR

4, FLOW CONDITIONS
a. JET/FREESTREAM DYNAMIC PRESSURE RATIO
b. FREESTREAM VELOCITY MAGNITUDE
c. ANGLE OF ATTACK
d. ANGLE OF YAW

|

JET TRAJECTORY AND SPREADING PROGRAM
1. EMPIRICAL EQUATION FOR JET CENTERLINE
2, EMPIRICAL JET SPREADING COEFFICIENTS
3. JET CROSS SECTION ANALYSIS

L

OUTPUTS:

1. POSITION OF JET CENTERLINE IN (X,Y,Z) SPACE
2. CONTOURS OF JET CROSS SECTION (BOUNDARIES

BETWEEN TR or TV EXHAUST FLOW AND FREESTREAM
FLOW)

Figure 53: JET TRAJECTORY AND SPREADING
PROGRAM DIAGRAM

74




LLIQI'IVA J0 FONVH QNV XHOIDECVHI IAL ¥od SHOILVASI TVOIMIAWE 40 AMVWNS

SC ANV ¥¢ SHONIHIAIIM WOMd NIIVI VIVG

Al JTEYL

= (3 fether - 3
SHOLS o't 00191 006 e\ Z] A®R/S61" = X .H
NOSNIQUOSL o°L ¥9—91 006 %.Mg mTz 2 = v [
6T * Jm
Tavomd 3| 0°L< 05— 006 A.olmv ﬁar ..o‘v ano = X g
NVHOVTIVO ce\Z/ | ®b = X
vg * Jii % p\[2A % .
NOSVOUVI 0°L 001—8€°T | 008L—c0€ ©wi0) F + °¥, uwun Aﬂxwwﬁn «2zo=x I
8T “Jm s v A_..V op
ADBUQNVHS | O°L—¢¢€ ge—¢ 006 —=oS% °p 109 Aﬂ.ﬂl—- _v a.rv =5 =
LT * o °p ?rv >» .
AONVAT 0%t 00012t | 00ZL=009 9% 100 F + nﬁ Nv e _Aa... x 1
HONRBImI | oop /F; <y / By %% NOILVODE

75




a good fit to his data at most of the deflection angles
between 30 and 150 degrees. The range of validity for
Ivanov's equation is clearly known and closely meets
conditions of thrust reverser/vectoring, namely

0 = qj/qw < 200 and 30 degrees = Ko = 150 degrees. For
these reasons, Ivanov's equation was selected for use in the
Jet Trajectory and Spreading Program. Trajectories comput-
ed using Ivanov's equation are compared to test data in
Figures 54 to 56.

Ivanov also experimented with rectangular jets (1:5<a/b=5:1)
and concluded that to a first approximation the equation for
a circular jet is adequate provided the hydraulic diameter

is used instead of the initial jet diameter.

For two-dimensional jets, the equation of Vizel and Mostinskii
(Ref. 23) was selected.

(A
= 025Ce (G +
e @R ()=t “

Experimental data for jet penetration coefficient C, are shown
in Figure 57 from Ref. 26. The straight lines drawht through
the data are used in program TEM-356A. The line for &« = 90
degrees is used for discharge angles less than 90 degrées

and the line for & _= 135 degrees is used for angles greater
than 135 degrees. ?nterpolation is used to obtain jet
penetration coefficients for 90 degrees « o¢ « 135 degrees.

Comparisons of Vizel and Mostinskii's resulgs with test data
are shown in Figures 58 and 59.

Jet Spreading Coefficients

Experimental jet spreading coefficients obtained for a
round jet discharging at 90 degrees to a freestream flow
(Ref. 22) are used to predict thickness and width of the
exhaust plume. A lack of data exists for other discharge
angles and jet shapes. Moreover, there is considerable
disagreement for jet thickness to width ratio, §/w, between
the data of several investigators.

Pratte and Baines' jet thickness spreading coefficient data
for a round jet in crossflow are presented in Figure 60 from
Ref. 22. The following empirical equations provide a good
curve fit to the data.

.35
SZJo = O. S/do_ $ s/do <3l 43
Vit ™ o (G) > Vi, “)
5/do - S[do .33 N _.S_/j_;o_ Y
Vj /Ueo "'“’(vj/u.> Yor Va7 > (44)
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Figure 50: THICKNESS SPREADING CHARACTERISTICS OF
A ROUND JET PREPENDICULAR TO A CROSS FLOW
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These empirical equations are used downstream of the jet's
potential core. In the potential core region, the thickness
to diameter ratio is equal to 1.0. Setting S/do = 1,0 in
Equation 43 and solvinrng for s/do gives

. 0.2593
(i) = Z.ISI(.Y.L\ (45)
do/ potential Us

Core

Summarizing, the following equations are used to compute jet
thickness.

_8_ = S
d’ Lo {Of ’as: < (Z) poteatial e)
Conre
.96 -0.3§ _
fron @@ o @, gond @
Cere.
3 0.39 V: 0.7 .
2o (2) (U";) for % > 3.0 &’. (48)

Pratte and Baines recommend a jet width-to-thickness ratio of
1.4 based upon their flow visualization experiments. This
value compares to width/thickness ratio w/§ = 1 measured

by Gerend (Ref. 28), w/$ = 4 recommended by Wooler (Ref. 29)
and w/8 = 5 suggested by Abramovich (Ref. 17). Pratte and
Baines' w/p = 1.4 was selected because the test section was
considered large enough to represent full-scale jet spread-

ing characteristics and because of superior data repeatability.

In the potential core region, jet width is obtained by inter-
polating between w/§ = 1 at the origin and w/$§ = 1.4 at
the end of the potential core. Equations for jet width are

w $/de ) $ S
—_— 404 e | =
de [ ‘ 4 (Nqo)’.mm‘.‘] de for de ‘( do>rohuﬁl (49)
core core
Weial 3.(3
de 4 de for de” (ﬁo)pofcnﬁal (50)
cort
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Jet Cross-Section Analysis

A number of recent theoretical investigations have been :ade
using a theory developed by Chang (Ref. 30 to 33). Chang
developed a two-dimensional pctential flow theory that predicts
the vortex rollup of a cylinder in crossflow. Results of
Chang's analysis are shown in Figure 61. The cross section is
defined by 48 points and was computed for a velocity ratio
Vi/Uyw = 8. Rollup of the cylinder into two counter-

rotating vortices is evident. It should be noted that Chang's
theory predicts the cross-sectional shape of the jet, but

not the trajectory. The cross sections are placed on the
trajectory predicted by Ivanov's equation.

Cross sections predicted by Chang's theory are remarkably
similar to vortex rollup phenomena observed in flow
visualization experiments. Photographs showing vortex
rollup are shown in Figure 62. A brief discussion of
Chang's theory is given in Appendix I.

Jet Plume Construction Procedure

The following general procedure is used to construct the
jet plume. The freestream velocity vector (defined by
angles « and ¥ ) and the jet initial direction (defined by
vector components tx' ty. tz) define a plane, as shown in

the followirg sketch.
4

TRAJECTORY
COORDINATE
SYSTEM

(l.o Yo lo,

ARRAY OF POINTS ON
INITIAL JET CROSS
SECTION

REFERENCE COORDINATE
SYSTEM

NOTE: vecTors T Y
AND AXES EANDL
ARE COPLANAR.
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The jet centerline is assumed to lie in the plane defined by

vectors U, and T.

Jet cross sections are computed for each station along the

jet centerline using Chang's analysis for round or rectangular

jets. Thickness and width spreading coefficients are used

to define gross deformation of the jet as shown in the following

sketch.

- W‘*‘
- !l ye’
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e

\

The program then centers the cross section on the axis and
scales the jet cross-section to the correct size, as shown
in the following sketch.

ye

(51)

(52)
(53)

(54)




Geometric Capability

The Jet Trajectory and Spreading Program was formulated
with considerable flexibility so that it can be applied to
a wide voriety of TR/TV geometries. The program predicts
four types of TR/TV exhaust plumes. Inputs and calculation
procedures unique to each jet type are discussed below.

1) TYPE = 1. Circular jet cross-section.

This type of jet models the flow from round nozzles,
e.g., three~-bearing nozzle, spherical eyeball, or a pure
lift engine buried in a fuselage or pod. Inputs for
TYPE = 1. are depicted graphically in Figure 63 and
summarized in Table V. The calculations use Ivanov's
trajectory equation and Pratte and Baines' spreading
coefficients., Vortex strengths for Chang's analysis

are computed using Equation 11 in Appendix I. A

sample case is given in Appendix II.

2) TYPE = 2. Rectangular jet cross-section.

This type of jet is best suited for cascade or target
thrust reverser plumes that can be approximated by a
rectangular iniiial cross-section. Inputs for TYPE = 2,
are depicted in Figure 64 and summarized in Table VI.
The calculations use a hydraulic diameter in Ivanov's
trajectory equation

_ 4linital area) _ 2ab
de‘ perimetenr T a+4b (55)

where a and b are the length and width of the initial
cross-section. Pratte and Baines' empirical jet-spreading
coefficients are used for jet thickness and width.

Vortex strengths for Chang's analysis are computed from
table lookup as described in Appendix I. A sample case

is given in Appendix 1I.

3) TYPE = 1, Two-dimensional jet cross-section.

This type of jet models the flow from a slot nozzle cr
high aspect ratio rectangular nozzle. Inputs for

TYPE =« 3. are depicted in Figure 65 and summarized in
Table VII. Vizel and Mostinskii's quadratic equation is
used for the jet centerline. Pratte and Baines' spreading
is used for the jet width. Chang's analysis for the

jet cross~section is not used because it was developed

for a discrete jet shape, not an infinite jet sheet. A
sample case is given in Appendix II,

4) TYPE = 4. Annular jet cross-section.
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Figure 63: TYPE =2. RECTANGULAR JET CROSS SECTION GEOMETRY
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This type of jet models the flow from annular target
or cascade thrust reversers. Inputs for TYPE = 4,

are depicted in Figure 66 and summarized in Table VIII.
The calculations use Vizel and Mostinskii's trajectory
equation and Pratte and Baines' thickness spreading
coefficient. Chang's analysis is not applicable for
annular shaped jets.

As shown in Figure 66, the output consists of the plume
front surface, centerline, and rear surface at a number
or radial cutting planes. Origins of the jet arms lie
in a plane perpendicular to the & vector. Their
position in that plane is defined by initial radius R
and clock angle O,

The four types of jets offer sufficient geometric capability
for most thrust reverser and vectoring nozzle designs.

Each type of jet requires certain inputs describing the jet's
position and orientation in space. All inputs and outputs
are made in an airplane (x,y,z,) reference coordinate system
defined in Figure 63. The x axis is parallel to the body of
the airplane, the y axis is in the spanwise direction of the
right half of the wing, and the z axis is upward. The origin
is chosen at any convenient point, usually at the airplane
nose. The angles of attack and yaw are defined in terms of
the direction of the freestream with respect to the reference
coordinate system, ac shown by the sketch on page 85.

2.2.2 Reingestion Prediction Program

Reingestion occurs when the deflected TR and TV exhaust flow
penetrates forward into the freestream flow and is captured

by the inlet flow. Pressure and temperature distortions caused
by reingestion of the exhaust flow reduce engine thrust and
compressor stall margin and can lead to engine surge.

The purpose of the Reingestion Prediction Program is to

predict the occurrence of reingestion for arbitrary thrust
reverser and airplane configurations as a function of geometry
and flow conditions. The program is intended for use as a
diagnostic tool to predict severe reingestion problems. The
program does not predict inlet temperature rise or the relative
severity of reingestion. However, the program printout is
designed such that in many cases judgment can be made about

the relative severity of reingestion.

In order to develop reingestion prediction methods, reingestion
was classified into four categories:
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Crossflow reingestion

Self or closed loop reingestion
Near-field fountain reingestion
Far-field fountain reingestion

0000

The computer program treats each category of reingestion
separately. Computer program inputs are the TR/TV and inlet
geometry and flow conditions as diagrammed in Figure 67.
Output consists of dagnostic statements predicting whether
or not reingestion occurs for the case in question. Methods
used to predict each category of reingestion are discussed
below.

Crossflow Reingestion

Crossflow reingestion occurs when the exhaust flow from one
engine is captured by the inlet flow of an adjacent engine.
The most common occurrence of crossflow reingestion is in
the outboard engine of a four-engine airplane, as shown in
Figure 68.

The method used to predict crossflow reingestion employs
thrust reverser exhaust plumes calculated by the Jet
Trajectory and Spreading Program. The exhaust plumes are
checked for intersections with inlet streamtubes. The
program prints out the number of points intersecting an
inlet streamtube at each jet station.

To predict crossflow reingestion, definition of the inlet
streamtube is required. Streamtubes were calculated for a
representative STOL transport inlet using axisymmetric com-
pressible potential flow program TEM-095 (Ref. 34). The
inlet hilite to throat contraction ratio is approximately
1.3, diffuser angle equals 5 degrees, and throat Mach is 0.6.
Computer-generated plots of streamlines and symbols indicat-
ing Mach contours are shown in Figures 69 and 70 for free-
stream velonities of 2 and 10 knots, respectively. For low
freestream velocities, the stagnation streamline attaches

on the cowl outer surface far downstream of the cowl leading
edge.

The stagnation streamline defines the pre-entry streamtube
used in predicting crossflow reingestion. Streamtubes are
summarized in Figure 71 for inlet hilite to freestream
velocity ratio from 137.3 to 2.5. Streamtubes for other
velocity ratios are obtained by quadratic interpolation or
extrapolation to chtain the streamtube radius R at any
station.

Arbitrary crosswind angle is accounted for by aligning the
axisymmetric streamtube in the direction of the freestream
flow, as shown in Figure 72. A local inlet coordinate system
is constructed along the streamtube axis. The (x,y,z) co-
ordinates of the exhaust plume computed by the Jet Trajectory
and Spreading Prcgram are transferred into this inlet co-
ordinate system and checked for possible intersections.
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INPUTS:
1. TRorTVGEOMETRY
a. POSITION AND ORIENTATION OF NOZZLES AND INLETS
b. EXHAUST FLOW INITIAL DIRECTION
c¢. HEIGHT FROM GROUND

2. FLOWCONDITIONS
a. JET/FREESTREAM DYNAMIC PRESSURE RATIO
b. FREESTREAM VELOCITY MAGNITUDE
¢ ANGLE OF YAW

REINGESTION PREDICTION PROGRAM

CROSS-FLOW REINGESTION THEORY,
CLOSED-LOOP REINGESTION e——1 EMPIRICAL
CORRELATIONS

1

2.

3 FAR-FIELD FOUNTAIN REINGESTION
4. NEAR-FIELPM FOUNTAIN REINGESTION

OUTPUT:
DIAGNOSTIC COMMENTS PREDICTING THE FOUR CATEGORIES
OF REINGESTION

Figure 67: REINGESTION PREDICTION PROGRAM DIAGRAM
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Existing jet penetration data (Ref. 35) show that the thrust
reverser plume is extremely unsteady and that large turbulent
fluctuations occur in the mixing region with the freestream
flow. To account for flowfield unsteadiness in predicting
crossflow reingestion, the correlation shown in Figure 73

is used. Data are shown for the jet maximum penetration point
(MPP) as a function of velocity ratio and discharge angle.

The scatter radius is given by

(5) = 2+ 045le) ™ [1- 0730000 o2
-

From the nozzle exit to the MPP, a linear interpolation is
used to obtain scatter radius.

L. .8/d __(¥s S (3
d (s/d)m,(d we  For <P, (58)

Downstream of the maximum penetration point, the scatter
radius at the MPP is used

L}‘ (-Ei)m" for -‘% = (%)M” (59)

The scatter radius is a measure of uncertainty in predicting
the plume's position due to large-scale turbulent fluctuations
of exhaust flow. Because of this uncertainty, the plume's
forward boundary is increased by the scatter radius. The
adjusted plume surface is checked for crossflow reingestion.

Crossflow reingestion results are shown in Figure 74. The
configuration is an early version of the 747 airplane with long
duct nacelles and annular target thrust reversers. The con-
figuration was tested for reingestion characteristics in a
low-speed wind tunnel test. The computer program predicts
crossflow reingestion at about 90 knots. The wind tunnel

test indicated crossflow reingestion at 90 knots (Ref. 36).

The main limitation to the crossflow prediction method is

that inlet and exhaust flows are assumed to act independently.
Effects of inlet suction on the exhaust flow are not included.
Mutual interactions between impinging jet flows are also

not included.

Self or Closed Loop Reingestion

Self or closed loop reingestion occurs when the TR or TV
exhaust flow forms a continous closed path back into the
engine inlet. Two types of self-reingestion are shown in
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Figure 75. The first type is caused by the thrust reverser
exhaust flow attaching to the cowl surface and penetrating
forward into the oncoming flow, where it is captured by the
inlet flow. For the second type, the exhaust flow does not
attach to the cowl, but the proximity of inlet and nozzle
causes exhaust flow to be captured. This type of self-
reingestion is treated by the procedure discussed previously
for crossflow reingestion.

In order to predict self-reingestion due to exhaust flow re-
attachment, it was first necessary to develop reattachment
criteria. For a two-dimensional jet discharging obliquely
from a plate, it is well known that under certain conditions
the jet bends towards the plate and reattaches due to re-
duced pressures caused by entrainment in the separation
bubble. As shown by the data in Figure 76, the jet will
always be separated for discharge angles greater than about 60
degrees. As the discharge angle decreases, the value of
plate length over slot width required for attached flow also
decreases. Figure 76 is used to predict reattachment for
two-dimensional and annular jets (TYPE = 3, and 4.).

The reattachment of a three-dimensional and annular jet behaves
differently from a two-dimensional jet. Freestream flow
enters the separation bubble from the side as illustrated in
Figure 77, thus relieving reduced pressures in the bubble.
Presence of a counterflow further complicates the flow field.
Considerable effort was made in searching for data or theory
to predict the reattachment of a three-dimensional jet. No
theory and very little data were discovered. Test data

from an SST thrust reverser concept with a 30-degree dis-
charge angle revealed a strong reattachment under static
conditions. A schematic of the thrust reverser and flow
field is shown in Figure 78a. 0il flow visualization

proved that reattachment occurred along the centerline of the
second door as shown in Figure 78b.

Reingestion testing conducted during the development of the
707 cascade thrust reverser resulted in the following general
criteria for jet discharge angles

55 degrees, jet will no reattach
= { 45 degrees, jet may or may not reattach (60)
30 degrees, jet will reattach
Based on the 707 and SST test data, the criteria given by
Equation (60) are used to predict reattachment for discrete
jets (TYPE = 1, and 2.).

No method has been developed to predict whether or not re-
ingestion occurs once a jet has reattached to the cowl. Con-
ceivably, it could separate again in presence of a strong
counterflow. Experience has shown, however, that reingestion
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usually occurs if the flow reattaches. Consequently, the
approach taken for self-reingestion is that the reattachment
criteria also predict reingestion. Thus, if reattachment is
predicted from Figure 76 or Equation 60, then reingestion
also is predicted.

There are several limitations to the self-reingestion pre-

diction method. 1Inlet and exhaust flows are assumed to act
independently. Effects of inlet suction on exhaust flow are

not included. Secondly, there is no definitive reattachment !
criterion for discrete jets. Aliso, there is no method to pre-

dict whether a reattached jet will continue to pro-

pagate forward or separate and be blown rearward. Neverthe-

less, the method fulfills the major obijective of providing a
diagnostic tool for reingestion problems.

Near-Field Fountain Reingestion

Near-field fountain reingestion occurs when two or more ad-
jacent jets impinge nearly vertically on the ground plane.
Spreading ground flows collide and cause "fountains" of high
velocity air tc rise vertically as shown in Figure 7%. These
fountains can be ingested into nearby inlets. The prediction
method for near-field fountain reingestion employs existing
NASA test data from Ref. 39, The test evaluated recircul-
2tion effects resulting from a pair of heated jets imping-
ing on a ground plane. Significant conclusion. reached

about conditions causing near-field fountain reingestion

are summarized below:

1) Upwash and inlet temperature rises were extremely
sensitive to small nozzle cant angles that result in
configuration asymmetries as viewed looking normal to
the common plane of the nozzles. A sketch of the flow-
field ".ith canted nozzles is shown in Figure 80a. Con-
versely, the upwash and inlet temperature rises were
relatively insensitive to small nozzle cant angles that
maintained symmetry as viewed looking normal to the
common plane of the nozzles as shown in Figure 80b.

2) The inlet flow rate had almost no effect on inlet temper-
ature rise. The upwash flow was established predomin-
antly by the jets with the inlets merely swallowing air
in their proximity. The upwash between nozzles generally
was concentrated in a region about three diameters in
width, with velocities frequently in excess of .00 feet
per second. No data for upwash temperature or velocity
were presented for the plane of symmetry between the
two nozzles. However, flow visualization photographs
and pressure surveys on the ground plane indicate the
fountain was at least six diameters wide along the stag-
nation streamline dividing flows. It can therefore be
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Figure 79: NEAR-FIELD FOUNTAIN REINGESTION
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3)

4)

assumed that inlets located parallel to the symmetry
plane also reingest flow from the fountain.

The jets merged if they were located close together and
high off the ground. The criterion for a pair of parallel
jets to merge is given by

E) < L
(D)J,m < (42 5 tonn (61)
merge
where & is the half angle of the spreading jet plume, S

is the spacing between jets, and H is the height. Using
a spreading angle of 7 degrees gives

(—S—) <€ |+ 0.246-3- (62)
° Jjets

merge
When the jets merged, no fountain or reingestion occurred.

The effect of wind in alterina the near flowfield was
negligible for wind speeds less than 6 feet per second.
With the wind parallel to the common plane of the nozzles,
further increases in wind speed shifted the fountain
downstream, until at about 16 feet per second, the up-
wash was shifted beyond the downstream jet, thus elimin-
ating the fountain between the jets.

With the wind at 90 degrees to the common plane of the
nozzles, no significant change in either the upwash

flow or inlet temperature rise was detected within the
range of wind speeds investigated, i.e., wind speed <16
feet per second. However, analysis of the jet trajectory
of the fountain shows that for wind speeds greater than
about 25 feet per second, the fountain will be swept
downstream.

Based upon these conclusions, certain criteria have been estab-
lisheZ for near-field fountain reinqestion to occur, namely:

1)

2)

3)

Near-field fountain reingestion will not occur for free-
stream velocities greater than about 25 feet per second
because the fountain is swept downstream by the freestream
flow.

There must be a minimum of two jets directed downward
for a fountain to form.

The jet pairs are checked to see whether they merge. If

the jets merge before impinging on the ground, no fountain
or reingestion occurs.
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4) If the cant angles are symmetric when viewed in their
common plane, near-field fountain reingestion will occur
for cant angles up to ¥ 20 degrees. If the cant angles
are not symmetric, near-field reingestion will occur
for cant angles up to about 6 degrees.

The Reingustion Prediction Program checks all jets against

the above criteria. If a pair of jets satisfying the criteria
are found, then reingestion diagaostic comments are printed
out.

The principal limitation of the near-field fountain reingestion
prediction method is the fact that the test hardware represented
a lift engine having an inlet located very close to the exhaust
nozzle (Figure 80). STOL transports employing thrust vector-
ing of the cruise engines will have inlets located several
nozzle diameters in frontof the nozzle. This type of con-
figuration will be less susceptible to near-field reingestion
than the NASA hardware. Therefore, reingestion predictions
using NASA data will be conservative.

Far~-Field Fountain Reingestion

Far-field fountain reingestion occurs when the spreading ground
flow from one of more impinging jets separates from *he ground,
rises in a cloud, and is blown back into the inlet. Separa-
tion is caused by buoyancy forces in the absence of a free-
stream flow or by interaction with a headwind.

Figure 81 depicts the major elements used to predict far-

field reingestion. The dividing streamline between jet and
freestream flow is determined first. Secondly, the upper

gurface of the exhaust cloud is located. Finally, the exhaust
cloud is checked for intersections with the inlet streamtubes. De-~
tails of this procedure are discussed in the following para-
graphs.

To predict far-field reingestion, the separation point of the
spreading ground jet is required. Separation data from Ref.
40 to 43 are compared in Figure 82, Abbott's data agree fairly
well with Binion's data and with NASA's single and dual pod
data over a limited range of dynamic pressure ratios. Dis-
crepancies 'are probably,due to configuration differences and
measurement inaccuracies. Abbott correlated data for a wide
range of dynamic pressure ratios and impingement angles and
developed a criterion to predict the separation distance
(Ref. 40). Abbott's separation criterion, depicted in

Figure 83, states that separation occurs at a distancez

where the dynamic pressure for a stationary nozzle is

equal to four times the dynamic pressure of the still air
relative to a moving nozzle, i.e.,

<q'5)sfaﬁonany noaals = 4($ﬂ> mow'go T (63)
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Abbott conducted extensive dynamic pressure surveys for
stationary nozzles and used flow visualization for moving
nozzles in order to develop this criterion. Results are
shown in Figure 84 for impingement angles from 40 to 150
degrees and dynamic pressure ratios from 4 to 40,000.

Abbott's correlation for separation distance of tlie spreading
ground jet applies only in the vertical plane of symmetry.
The general case of far-field reingastion involves inlets
located to the right or left of this plane. Therefore, it

is necessary to predict the position of the dividing stream-
line out of the plane of symmetry. Potential flow theory was
used by Colin with good results to predict the peeling line
for a jet impinging at 90 degrees (Ref. 41). Comparison of
Colin's theory to test data is shown in Figure 85. His
potential flow model consisted of a line source combined with
a freestream flow. The source strength was sized to make

the dividing streamline match data in the plane of symmetry.

Colin's theory was extended to jets impinging at arbitrary
angles by specifying a nonuniform outflow velocity distri-
bution around the periphery of the jet's cross ection pro-
jected on the ground plane. The outflow velocity was
determined by balancing the momentum of radial streamlines
leaving the stagnation point. Computer-plotted results are
shown in Figures 86 to 88 for 0, 45, and 90-degree wind
direction. Streamlines are shown emanating from the jet
stagnation point and in the freestream surrounding the zone of
jet flow. Streamlines without symbols were traced from
separate computer submissions. Jet impingement angles of
30, 60, 90, 120, and 150 degrees were run with 0, 45, and
90-degree wind direction at velocity ratios V; /U, = 1 to 100.
Wind direction has a pronounced influence on the dividing
streamline as shown by Figure 89. However, when the
dividing streamlines are aligned along the direction of
approach flow as in Figure 90 the effect of wind direction
is seen to be small. As expected, velocity ratio had a
large influence on the dividing streamline as shown in
Figure 91. However, the influence of jet impingement

angle on dividing streamline shape was unexpectedly small,
indicating that total jet strength is more important in
determining dividing streamline shape than the relative
distribution of outflow velocity.

As discussed previously, Abbott's criterion is used to predict
the separation point in the plane of symmetry. The peeling
line radius out of the plane of symmetry is determined from
the dividing streamline for 90 degree impingement. Because
the jet impingement angle has only a small influence on ;
dividing streamline shape, the dividing streamline for 90 i
degree impingement is used for all impingement angles.
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Figure 85: DIVIDING STREAMLINE COMPARISON
BETWEEN THEORY AND EXPERIMENT
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Once the position of the dividing streamline is determined,
it is necessary to predict the height of the exhaust cloud.
Abbott's data shown in Figure 92 areused for this purpose.
Data scatter is due in part to turbulent fluctuations
present in the exhaust cloud. The top line is used to
provide a factor of conservatism in the prediction method.
The radial position of the top of the exhaust cloud is
assumed to lie above the vortex center given by Colin's
data, as shown in Figure 93.

The final step necessary to predict far-field reingestion

is to check the exhaust cloud upper surface for possible
intersections with inlet streamtube surfaces. The Re~
ingestion Prediction Program checks a limited number of points
in the cloud for intersections with inlet streamtube surfaces.
As shown in Figure 94, points are checked at azimuth angles
from 30 to 330 degrees. This simplified intersection pro-
cedure was chosen because the exhaust cloud surface is not
known with sufficient accuracy to warrant a more sophisticated
surface intersection technique.

Steps used to predict near-field fountain reingestion are
summarized below.

1) Separation of the spreading ground jet is predicted
using Abbott's data correlation.

2) The dividing streamline in the ground plane is predicted
by potential flow.

3) The exhaust cloud upper surface is predicted by Abbott's
and Colin's data.

4) The exhaust cloud is checked for intersection with inlet
streamtubes.

2.2.3 TR and TV System Performance Program

The TR and TV System Performance Program consists of four
modules containing empirical data correlations and some
analyses developed during Tasks 1.1 and 1.3. Inputs and
outputs of the program are shown in Figure 95. Detailed
description of the four performance modules follows.

Internal Performance Module

Data correlations developed during Tasks 1.1 and 1.3 were
incorporated into the Internal Performance Module, which
contains data correlations for the following types of cruise
nozzles, thrust reversers, and vectoriny nozzles.
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INPUTS:

1. TRor TV TYPE AND GEOMETRY
2. GEOMETRIC DISCHARGE ANGLE
3. NOZZLE PRESSURE RATIO

l

TR AND TV SYSTEM PERFORMANCE PROGRAM

INTERNAL PERFORMANCE AERODYNAMIC INTERFERENCE
MODULE _MODULE
REINGESTION ENGINE STABILITY
MODULE MARGIN MODULE
\ &
OUTPUTS:

1. TRAND TV INTERNAL PERFORMANCE CONSISTING OF
cV' ch nﬂgc ﬂw. ’a B
2. ENGINE STABILITY MARGIN

Figure 95: TR AND TV SYSTEM PERFORMANCE PROGRAM
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1) Cruise nozzles

a) Conical
b) Annular
c) Noncircular

2) Thrust reversers

a) Target (clamshell and annular)
b) Blocker deflector and blocker cascade

3) Thrust vectoring nozzles

a) Single bearing

b) Three bearing

c) Spherical eyeball
d) Lobstertail

e) External deflector

4) Cascade lattices applicable to cascade TR and TV
nozzles

Data correlations for the above nozzles are discussed in
Sections 2.1 and 2.3. Computer program usage is described in
Section 3.3.

Aerodynamic Interference Module

Existing aerodynamic data for thrust reverser systems are

for low-wing, four-engine jet transport aircraft. Thrust
reverser operation frequently caused unfavorable aerodynamic
interference problems, such as bouyancy lift forces on the

wing and a loss in the flap drag. Both effects were experienced
by the original 737 clamshell reverser deployed in front of

the flaps. When the new target reverser was installed behind
the wing flaps, favorable interference, i.e., decreased lift,
increased drag, resulted.

High-wing transport aircraft with pylon-mounted engines
experience an increase in flap and spoiler drag due to reverser
operation, as shown in Figure 96. The data correlation from
Ref. 44 gives the percent reduction in drag as a function

of reverser momentum coefficient.

Thrust reversers for STOL transports will be designed to
deflect the flow forward and up to avoid aerodynamic inter-
ference and reingestion problems. Existing data are inadequate
to predict aerodynamic interference for configurations of

this type. Data are required showing the 2ffects of TR

type, location, forward speed, pressure ratio, and discharge
pattern.
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Logic has been formulated in TEM-357 that allows easy
incorporation of aerodynamic data into the Aerodynamic
Interference Module as data become available.

Reingestion Module

The purpose of the Reingestion Module is to predict inlet
temperature rise and total pressure distortion as a function
of thrust reverser type, location, forward speed, and dis-
charge pattern. A vast amount of reingestion data have

been accumulated for commercial transport thrust reversers.
However, the data are of little value to candidate STOL
transport thrust reverser installations because of significant
differences from commercial transport TR designs.

Logic has been formulated in TEM-357 that allows easy incorpor-
ation of reingestion data into the Reingestion Module as data
become available.

Engine Stability Margin Module

The purpose of the Engine Stability Margin Module is to
predict effects of thrust reverser area mismatch, engine
transient response, and inlet pressure and temperatur-
distortion on engine stability margin. The engine stability
margin analysis was performed by Pratt & Whitney Aircrafrc.
The results have been tabulated and incorporated into the
Engine Stability Margin Module. The analysis is summarized
in the following paragraphs and described in detail in

Ref. 45. A sample case is provided in Appendix II.

Stability margin studies were performed on three Pratt &
Whitney Aircraft turbofan engines ucing a transient computer
program. These engines were extracted from the Pratt & Whitney
Aircraft file of study engine cycles and consist of a 2.0 BPR
mixed flow, and a 6.0 and 12.0 nonmixed flow design, each
with a fanhigh compression system. These cycles are typical
of those considered at different BPR levels for STOL
application. The objective of these stability margin studies
was to obtain a set of data which would permit evaluation of
engine stability margin during normal STOL operation as a
function of distortion, reverser operation and thrust level
to ultimately define the distortion tolerance for each engine.
The reverser effect on the engine was defined to be a change
in exhaust nozzle effective area.

The assumed exhaust nozzle area variation is shown in Figure
97. The definition of the deploymeat characteristic was
selected because a review of several thrust reversers

showed an over area of at least 20 percent sometime

during deployment. The review also showed that an under area
usually occurs near the end of the deployment stroke. The
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deployment rate in all cases was one second from stowed

to fully deployed. This rate was identified as a goal for
thrust reverser design studies conducted in Part 1B of

the program.

Data were calculated for both steady and transient operation
at a sea level flight condition. Steady state data show the
effect of thrust reverser area variation on the stability margin
of the fan and compressor, as well as the thrust split between
the flowstream. The thrust split can be used to estimate the
reverse thrust of different types of reversers. The steady
state data were obtained from each engine model by simulating
the effect of a thrust reverser as a change in either primary
or duct stream effective area. The effective area values
investigated were the extremes of minimum and maximum area
positions as identified by Boeing.

Transient operation consisted of engine accels and decels at
various area values, as well as thrust reverser transitions.
Accels and decels were obtained to determine the influence

of off design area value on stability margin as well as the
time it takes to achieve a desired thrust change. Thrust
reverser transitions were obtained for the one second deploy-
ment rate with engines set at 80 percent of takeoff power,

and were made from stowed to deployed as well as from deployed
to stowed.

It is concluded from analysis of these data that the influence
of a thrust reverser on component stability margin during trans-
ient operation is approximately equivalent to changes obtained
during steady operation at the same nozzle positions. This

can be observed by examination of accel and decel data, as

well as thrust reverser deployment data. This conclusion
simplifies thrust reverser analysis because it eliminates the
need for incorporating transient stability margin data

into the analysis.

A further simplification was derived for accel and decel
influence on high compressor stability margin. These data
have been reduced to a set of curves that define the

loss or gain in stability margin as a function of engine
power.,

Other factors that influence stability margin are pressure and
temperature distortion. Data were obtained for each engine

on a "change in stability margin" basis. The effect of dis-
tortion was obtained using parallel compressor theory re-
sulting from 180 degree square wave patterns.
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2.3 Task 1l.3--Plan and Conduct Supplemental Tests

Task 1.3 consisted of planning and conducting supplemental
tests in conjunction with development of computer programs

for thrust reverser and thrust vectoring systems. The purpose
of the tests was to fill data voids discovered in the liter-
ature that would have impeded development of computer programs.

2.3.1 Identification of Technology Voids

Boeing considered identification of data voids to be an
important task of this program. Computer programs developed
during Task 1.2 are based on results of the literature review.
Also, voids discovered formed the basis for supplemental
tests. Consequently, considerable effort was made in re-
viewing data to accurately identify data voids and justify
selection of models for supplemental tests.

A guideline established early in the planning of supplemental
tests was that the tests would supply data required to complete
development of the Internal Performance Module of the TR and
TV System Performance Program (see Section 2.2.3). Obviously,
data voids exist for new thrust reverser and thrust vectoring
concepts. However, it is believed that model testing of new
concepts should be deferred to Part 1C after adequate design
and evaluations have been completed.

The data review resulted in identification of tae following
data voids in the open literature:

Blocker Door Geometry

There was a lack of a consistent set of data that isolate
effects of blocker door geometry on the performance of blocker/
deflector and blocker/cascade thrust reversers.

Multibearing Vectoring Nozzles

There was a lack of data for multibearing vectoring nozzles
that show the effect of:

o Duct contraction ratio
o Turning radius
0 Low nozzle pressure ratios (<1.5)

Also, there was no data that evaluate the multibearing
vectoring nozzle as a combined thrust reverser and vectoring
system (120 degree deflection). Available data for other types
of thrust reverser and vectoring systems are adequate to
formulate the Internal Performance Module of the TR and

TV System Performance Program.
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2.3.2 Supplemental Static Tests

On the basis of the data review, a test plan (Ref. 46) was
formulated for ~upplemental static tests to determine:

1) Multibearing vectoring nozzle performance as a
fuiction of parametric geomec.y variacions.

2) Blocrer door geometry effects on performance of blocke:ir/
cascade and blocker/~»flector thrust reverszers.

The tast plan was submitted to the Air Force progran manager
in September 1971 and wrss approved in October. Static test-
ing was conducted froi: 20 December 1971 to 14 February 1972
on the thrust vector rig at the Boeing Propulsion/Noise
Laboratories.

A test report (Ref. 47) was prepared and submitted to the
Air Force program manager in March 1972. Descriptions of
test models and results are summarized in the following
3ections. The test results have been incorporated into the
Internal Performance Module of TR and TV Systerm Performance
Program TEM-357.

Multibearing Vectoring Nozzle Static Test

The objectives of the multibearing vectoring nozzle static
tests were to:

1) Evaluate the vectoring nozzle internal performance (thrust
and mass flow) for variations of:

a) Bearing angle

b) Duct turning Mach number (inlet and exit)
c) Duct turning radius

d) Overall duct and nozzle length

e) Thrust vector angle

f) Nozzle pressure ratio

2) Evaluate the multibearing vectoring nozzle as a thrust
reverser systum.

3) Establish design criteria for full-scale nozzle design.

A tctal of 10 multibearing nozzle test configurations were
tested including the following geometric variations:

PREIPEUY T S




1) Bearing angle, #= 65°, 60°

2) Duct contraction ratio:
= 65°, Aj/A; = 1.345, 1.760, 2.94
$= 60°, AD/AE = 1.345, 2.94

3) Duct turning radius ratio:

$= 65°, (r/D) = 0,641, 0.926

min
#= 60°, (£/D) i = 0645, 0.840
4) Overall duct and nozzle length:
g= 65°, L/D = 2.415, 1.996
$= 6u°, L/D = 2.944, 2.301
5) Thrust vector angle
$=65°,0= 0°, 30°, 60° 100°
¢$= 65°, <= 0°, 30°, 60°, 90°, 120°

In additiva, one'of the models tested has a converging duct
section that accelerated flow through the duct turn. e
model had a contraction ratio of AD/“E = 2,94 and bearing

plane angles of 60 degrees. All models were tested over
the pressure ratio range from l.l1 to 3.0. A test model is
shown installed on the vectoring rig in Figure 98.

Many of ‘the_configurations had nearly equivalent performance.
Therefore to improve readability, data points are not shown

on the following comparison plots. Plotted data for
each nozzle configuration are presented in Appendix I of

Ref. 47. Results of the multibearing static test are
summarized below.

1) Vector efficiency and airflow match are decreased as
duct contraction ratio decreases (and duct Mach number
increases) especially below contraction ratic cf 1.760.
Airflow match was significantly lower for contraction
ratio of 1.345 at maximum deflection angle (Figure 99
through 101).

2) The duct turning radius was not a significant influence
on vectoring nozzle performance. Generally, vectoring
efficiency was improved 0.5 to 1.5 percent and airflow
match was improved by two percent when the turning radius
ratio was increased at maximum deflection (Figure 102
and 103).
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Figure 98:  MULTIBEARING VECTORING NOZZLE MODEL INSTALLATION
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3) The effect of overall duct length indicated duct and
nozzle length can be made as short as possible without
severe penalty to vectoring nozzle performance (Figures
104 and 105).

4) Reverser efficiency of 47 to 49 percent was obtained when
the 60 degree bearing plane angle configurations were
tested at 120 degree deflection angle. The data indicate
that satisfactory levels of reverser performance are
possible when the multibearing nozzle is used as a
thrust reverser (Figure 106).

5) The converging duct model configuration had equivalent
vectoring performance when compared to a constant area
duct configuration with the same contraction ratio. This
design is attractive because it is shorter than constant
area duct designs and therefore will have less weight
(Figuresal07 and 108).

Thrust Reverser Blocker Door Geometry Static Test

The purpose of this static test was to investigate blocker
door geometry effects on thrust reverser performance. Test
objectives were:

1) Determine the effect of blocker door deflection angle
and setback distance on performance of blocker/deflector
and blocker/cascade thrust reversers installed in the
following ducts:

a) Annular duct of a fan nozzle
b) Circular duct of a primary (or mixed flow nozzle)

2) Establish design criteria for the above thrust reversay
installations.

Initial planning for this test included four types of thrust
reversers:

o Annular duct blocker/cascade

o Annular duct blocker/deflector
0 Circular duct blocker/cascade

o Circular duct blocker/deflector

However, static testing of the blocker door geometry model was
terminated after completion of the annular duct blocker/cascade
model testing. It was decided that the results obtained would
satisfy the overall objectives of the program without expendi-
ture of funds beycnd the budgeted amount. Since effects of
blocker door geometry were found to be relatively small, lack
of data for untested configurations will not significantly
affect the accuracy of internal performance predictions of

the TR and TV System Performance Program.
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The blocker door geometry static test model consisted of an
annular flow duct simulating a fan exhaust duct, a simulated
engine strut (internal), and a cascade reverser model similar
to the type used on the fan reverser on the Model 747 JT9D-3A
engine. A photograph of the model installation is shown in
Figure 109.

CASCADE

/.t |
BLOCKER DOOR INSERTS

el

Inserts for 45, 90, and 135 degrees were used to simulate the
blocker door grometry. The model was tested with setback
distances 2f s/h = 0 and 0.50.

The effects of blocker door geometry were evaluated as incre-
ments relative to the © = 90 degrees, s/h = 0, blocker door
configuration. Data points are not shown in the comparison
curves. Test data for each model configuration showing
absolute levels are shown in Appendix I of Ref. 47. The re-
sults of the test are summarized as follows:

1) Data indicate optimum blocker door design for an annular
cascade reverser is the 90 degree door geometry. Reverser
performance was lower for the 45 and 135 degree blocker
door geometry configurations. (Figure 110)

2) Blocker door setback distance has minimal effect on
reverser performance, as shown in Figure 1lll. The data
show that small positive or negative changes in reverser
efficiency occurred when the blocker door was set back
from the cascade depending on the nozzle pressure ratio.

Details of test models and installation, instrumentation, pro-

cedure, and results of the multibearing vectoring nozzle and
blocker dooxr geometry static tests are presented in Ref. 47.
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SECTION III

CONCLUSIONS AND RECOMMENDATIONS

The tasks conducted during Part 1A of this program have pro-
duced several useful tools for thrust reverser and vectoring
nozzle design studies:

1)

2)

3)

4)

Thrust Reverser and Thrust Vectoring Literature Review
Document (Ref. 1 ) --to allow a reader to easily determine
sources of data related to his particular interest.

Jet Trajectory and Spreading Program--to predict the

trajectory and shape of the thrust reverser or vectoring
nozzle exhaust plume.

Reingestion Prediction Program--to predict the on-set
of reingestion for arbitrary thrust reverser and airplane

configurations as a function of geometry and flow con-
dition.

TR and TV System Performance Program--to predict TR and
TV nczzle performance and engine stability margin
characteristics.

In addition, static tests were conducted to Getermine:

1)

2)

Multibearing vectoring nozzle performance as a function
of parametric geometry variations.

Blocker door geometry eifects on the performance of
annular blocker/cascade thrust reversers.

The test results filled data voids discovered during the
literature review and were incoporated into the TR and TV
System Performance Program. The primary conclusions to
be drawn from the Part 1A analytical work are:

1)

The analytical and semi-empirical methods developed
provide relatively simple design tools to evaluate the
performance of many types of thrust reverser and thrust
vectoriny systems and to determine potential exhaust
flow interference and reingestion problems. They are
limited only by the current-state-of-the-art of analysis
and existing empirical data.
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2)

3)

4)

5)

There are many sources of thrust reverser reingestion

and aerodynamic interference data for current CTOL
transpurts. However, application of the data to STOL
transports is limited because the specific requirements
of STOL transports cause the thrust reverser installation
to be highly configuration dependent. The requlrements
of exhaust flow directional control to minimize reinges-
tion result in thrust reverser types that are significant-
ly different than conventional designs. The aircraft
high 1lift system has a direct influence on the nacelle
location, reverser type, and hence reingestion and
aerodynamic interference characteristics.

The methods used to predict the onset of reingestion would
benefit from comparisons with experimental results that
isolate the specific type of reingestion i.e., crossflow,
self (closed loop), near field fountain, or far field
fountain. ‘

The influence of thrust reverser operation on engine
stability margin during transients is approximately
equivalent to changes obtained during steady state
operation at the corresponding partially deployed reverser
position.

Existing data for flat plateand curved external deflectors
is inadequate to predict effects of setback distance and
door length for other types of deflector nozzles. Static
tests were conducted during Part 1C on a hinged deflector
nozzle and data correlation showing effects af setback
distance were incorporated into the TR and TV System
Performance Program.

Recommendations for future thrust reverser and thrvst vector-
ing work pertinent to the tools developed for Part 1A include
the following:

1)

2)

3)

Interactions between thrust reverser and inlet flow fields
and the effects on airplane aerodynamic characteristics
should be studied using three-dimensional potential flow
techniques.

The closed loop reingestion criteria should be improved
by using a free streamline analysis or by experiment.

A paramctric test of variables influencing self re-
ingestion is recommended.

Improvements should be made to the Jet Trajectory and

Soreadlng Program to handle multiple, merging jets, includ-
ing effects of inlet suction and nonuniform flow field.
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4) A low speed wind tunnel test should be conducted to

obtain thrust reverser and thrust vectoring performance
data allowing correlations of aerodynamic interference
and reingestion as a function of TR and TV system type,

location, forward speed, pressure ratio, vector angle,
and angle of attack and yaw.
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SECTION IV

COMPUTER PROGRAM USAGE

Three computer programs have been developed:

1) Jet Trajectory and Spreading Program TEM-356A
2) Reingestion Prediction Program TEM-356B

3) TR and TV System Performance Program TEM-357

The programs are coded in FORTRAN IV language for the Control
Data Corporation 6600 (131K) digital computer. They may be
compiled with eithexr FORTRAN IV (Extended) or FORTRAN IV (Run)
compilers by changing the end-of-file test in input routines.
The standard FORTRAN system library (FTN) is used. There is
no overlaying or use of scratch tapes. Control of the com-
puter during checkout was by the KRONOS operating system.

Card deck arrangements for the programs are shown in Figures
112 and 113. Each program consists of control cards, either
a symbolic or binary deck, and a group of data cards. The
control cards shown are common for the three programs but are
characteristic of the particular computer installation. Data
cards for the particular problem and the first two control
cards, which contain run priority, time estimate, and user
identification are inserted into the deck. The other cards
normally remain unchanged.

The remainder of this section describes mechanics of input
data preparation. Complete descriptions of card inputs to
each program are presented. Appendix II contains sample
cases to acquaint users with input card format and printout
format for each program. These sample cases are also in-
tended for use in checking out the programs on computer
facilities.

3.1 Jet Trajectory and Spreading Computer Program Usage

Program TEM-356A provides a simple method of obtaining jet
plume shapes for four types of initial jet cross ections.

TYPE =| Initial Jet Cross Section Page
1. Circular 174
2. Rectangular 176
3. Two-dimensional 178
4. Annular 180
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/ PTEM, T177, CM 66000, POZ.

Figure 112: DECK ARRANGEMENT FOR PROGRAMS TEM-356A, TEM-3568,
AND TEM-357 WHEN USING A SYMBOL!C DECK
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BINARY DECK

Ll

DATA DECK

I LGO {LC = 26000, DATA)

( COPYBF (INPLT, LGO)

{ REWIND (DATA)
) (/COPYBR INRUT DATAI
Lom.me. PUNCH EST. 2000 CARDS
lﬁ ACCOUNT CARD
/ FTEM, T177, CMB800O0, PO2,

pu—

-
- NOTE: THIS CARD MUST BE

INSERTED IF PUNCHED
) CAADS ARE REQUESTED.

Figure 113: DECK ARRANGEMENT FOR PROGRAMS TEM-356A, TEM-3568,
AND TEM-357 WHEN USING A BINARY DECK
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Data Input Format

All input to program TEM-356A is in the "NAMELIST" format,
except one table of valiues used for TYPE = 4. (page 181).
The following rules must be followed to use NAMELIST format.

1) Card Column 1 must be blank, always.

2) A data set begins with a $NEW card and ends with a $END
card.

3) Commas are used to separate numbers and variable names.
4) Variable names must be properly spelled.

5) Card Columns 1 to 80 are read using NAMELIST. This
means that CC 73--80 cannot be used for identification
purposes.

6) Variable names and values are read "free field." This
means imbedded blanks may be used at the user's dis-
cretion, and that more than one variable may be input
per card. However, the input system described on the
following pages is recommended because it separates
the numbers and makes data checking easier.

The general card stacking arrangement is shown in Figure 114.
The user may run as many jet plumes as he desires in a

single computer submission. There are nc restrictions as to
sequence of the four types. Detailed card inputs for the four
types are contained in the next section. Users are cautioned
to check their inputs carefully before submitting a computes
run.
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Figure 114: DATA CARD ARRANGEMENT FOR SEVERAL CASES, PROGRAM TEM-356A
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Jet Trajectory and Spreading Program Card Input

TYPE = 1. Figure 115 displays the data card arrangement
for circular jet plumes. A description of the card input
follows:
Card Column Code Explanation
S$NEW 2-10 SNEW $NEW must be punched in
CcC 2-10.
Card 1 2-10 TYPE = TYPE = must be punched in
cCc 2-10.
11-20 1., indicates circular jet
carg 2 2-10 XYZ0 = XYZ0 « must be punched in
CcC 2-10.
11-20 X jet origin in reference co-
ordinate
21-30 Yo system
31-40 L Note: The fourth character
in XYZ0 is a "zero", not the
letter "O".
Card 3 2-10 TXYZ = TXYZ = must be punched in
CC 2-10.
11-20 tx' vector components defining
initial
21-30 ty, jet direction
31-40 t.
Card 4 2-10 D= D = must be punched in CC 2-10.
11-20 d, jet lnitial diameter
Card § 2-10 DELSD = DELSD = must be punched in
- cC 2-10.
11-20 Ds/a, arc length spacing/initial
diameter
Card 6 2-10 QRATIg = QRATIZ = must be punched in
Cc 2-100
11-20 ./ jet to freestream dynawic
‘b P> pressure ratio
Card 7 2-10 UINF = UINF = must be punched in CC 2-10.
11-20 Uso) freestream velocity
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TYPE = 2.
rectangular jet plumes.

Figure 116 displays the data card arrangement for

A description of the card input follows:

Card Column Code Explanation
SNEW 2-10 SNEW $NEW must be punched in CC 2-10.
Card 1 2-10 TYPE = TYPE = must be punched in CC 2-10.
11-20 2., indicates rectangular jet
Card 2 2-10 XYz0 = XY¥Z0 must be punched in CC 2-10.
11-20 Xy jet origin in reference co-
ordinate
21-30 Ygr system
31-40 e Note: The fourth character in
XY20 is a "zero", not the
letter "O".
Card 3 2-10 TXYZ = TXYZ = mact be punched in
CC 2-10.
11-20 tx' vector components defining
initial
21-30 ty, jet direction
31-40 tz,
Card 4 2-10 A= A = must be punched in CC 2-10.
11-20 a, longitudinal dimension of
initial cross section
Card 5 2-10 B = B = must be punched irn CC 2-10.
11-20 b, lateral dimension of initial
cross section
Card 6 2-10 DELSD = DELSD = must be punchad in
cC 2-10.
11-20 Ds/de, arc length spacing/equivalent
diameter
Card 7 2-10 QRATIQ = QRATI® = must be punched in
CcC 2-10.
11-20 qi/q..) jet to freestream dynamic pressure
ratio
Card 8 2-10 UINF = UINF = must be punched in CC 2-10.
11-20 U, freestream velocity
card 9 2-10 ALPHA = ALPHA = must be punched in CC 2-10.
11-20 [ angle of attack
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Figure 116: DATA CARD ARRANGEMENT FOR TYPE = 2. RECTANGULAR JET
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TYPE = 3. Figure 117 displays the data card arrangement for
two~dimensional jet plumes. A description of the card input
follows:

C rad Column Code Explanation
$NEW 2-10 $NEw $NEW must be punched ia CC 2-10.
Card 1 2-10 TYPE = TYPE = must be punched in
cC 2-10.
11-20 3., indicates two-dimensional cross
section
Card 2 2-10 XYZ20 = XYZ20 « must be punched in
- cC 2-10.
11-20 X jet origin in reference co-~
ordinate
21-30 Yor system
31-40 2, Note: The fourth character in

XYZ20 is a "zero", not the
letter "0".

Card 3 2-10 TXYZ = TXYZ = must be punched in
CcC 2-10.
11-20 tx' vector components defining
initial
21-30 ty, jet direction
31-40 t,_,
Card 4 2-10 T = T = must be punched in CC 2-10.
11-20 t, jet initial thickness
Card 5 2-10 W= W = must be punched in CC 2-10.
11-20 w, jet initial width
Card 6 2-10 DELSD e DELSD « must be punched in
CcC 2-10.
11-20 Ds/t, arc length spacing/jet initial
thickness
Card 7 2-10 QRATIP = QRATIQ® = must be punched in
CcC 2-10.
11 20 9;/9. jet to freestream dynamic
) .
pressure ratio
Card 8 2-10 ALPHA = ALPHA = must be punched in
CcC 2-10.
11-20 x, angle of attack
Card 9 2-10 PSI = PSI = must be punched in CC 2-10.
11-20 ¥, angle of yaw
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TYPE = 4.

for annular jet plumes.

Figure 118 displays the data card arrangement

A description of the card input

follows:
Card Column Code Explanation
SNEW 2-10 SNEW S$NEW must be punched in CC 2-10.
Card 1 2-10 TYPE = TYPE = must be punched in
CC 2-10.
11-20 4., indicat :s annular jet cross
section
Card 2 2-10 XYZA = XYZA - must be punched in CC 2-10.
11-20 X0 origin of annular jet coordinate
21-30 Y, system
31-40 2,
Card 3 2-10 AXYZ = AXYZ = must be punched in CC 2-10.
11-20 ays vector components defining
cruise
21-30 ay, nozzle direction
31-40 a,,
Card 4 2-10 T = T = must be punched in CC 2-19.
11-20 t, jet initial thickness
Card 5 2-10 R = R = must be punched in CC 2-10.
11-20 L, annular jet initial radius
Card 6 2-10 DELSD = DELSD = mus: be punched in
cc 2-10.
11-20 Ds/t arc length spacing/jet initial
thickness
Card 7 2-1¢C MR = MR = must be puached in CC 2-10.
11-20 MR, number of annular jet arms
Card 8 2-10 QRATI(Y = QRATI® = must be punched in
CC 2-10-
11-20 9/ jet to freestream dynamic
pressure ratio
Card 9 2-10 ALPHA = ALPHA = must be punched in
cC 2-10,
11-20 a, angle of attack

1e:




Card Column Code Explanation
Card 10 2-10 PSI = PSI = must be punched in CC 2-10.
11-20 (2 angle of yaw
Card 11 2-10 PCQDE = PCO®DE = must be punched in
cC 2-10.
11-20 PC¢DE, = 0., no punched cards produced
= 1,, punched cards produced
SEND 2-10 SEND $END must be in CC 2-10.

The following additional data must be input for TYPE = 4.,

Note that NAMELIST format is not used fcr these inputs.

Input

format is 2F10.0 (two fields, each ten digits wide).

Card Column Code Explanation

Card 1-10 6 arm clock angle

Set A 11-20 a flow turning angle

Note: There must be MR of the cards, two numbers per card,

where MR is the number of annular jet arms.
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Figure 118: DATA CARD ARRANGEMENT FOR TYPE = 4. ANNULAR JET
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3.2 Reingestion Prediction Computer Program Usage

Data Input Format

Inputs describing jet plume geometry use the NAMELIST format
and are nearly identical to that described for the Jet Trajectory
and Spreading Program. The only exceptions are noted below:

1) ALPHA is not input. The theory assumes the freestream
flow is parallel to the ground plane and automatically
sets 0= 0. Yaw angle % is input as usual.

2) PC@DE is not input. The program assumes PC@PDE = 0.

3) A new parameter, XC@WL, is input for all jet types. XC@WL
is the length of the cowl from the inlet leading edge to
the front of the thrust revevser exit. XC@WL is used
in place of plate length in the criterion for reattachment
of exhaust flow to the cowl surface {see Figure 76).

4) A new parameter, NPI, is inpuv. for all jet types. NPI
is the inlet number associated with a particular jet.

5) UINF must be input for all type jets. In TEM-356A, UINF
is required for TYPE = 1. and 2. only.

6) The inlet data are input in 10F7.0 format.

The general card stacking arrangement is shown in Figure 119.
The user may submit up to four inlets and four jets (other
than TYPE = 4.) in a single'case. Only one TYPE = 4, jet may
be run per case. However, as many cases as are desired can
be stacked for a single computer submission.
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REINGESTION PREDICTION PROGRAM CARD INPUT

Figure 119 displays the data card arrangement for the
Reingestion Prediction Computer Program. All numbers must

be punched with a decimal point.

The inlet card input data

are input in 7F10.0 format rather than NAMELIST.

Card Cclumn Code Explanation
Card 1 1-10 NI = number of inlets
l, = NI = 4,

11-20 ZGRND height of (x,y,z) reference
coordinate system from ground
plane

Card
Set 2 1-10 X, position of inlet center in

11-20 Yi reference coordinate system

21-30 z;

31-40 di inlet diameter

41-50 Vhi inlet hilite velocity
Note: There must be NI cards
in Card Set 2, five numbers
per card.

Card 3 1-10 NI = number of jets

l. & NJ = 4.

Figure 120 displays additional .\MELIST data cards for use

in program TEM-356B.

The cards are inserted in any order

between the $NEW and $SEND cards with the other NAMEL1ST
cards describing the jet geometry. A description c¢f the
additional input follows:

Card Column Code Description
Card N1 2-10 XCPWL = XCOWL - must be punched in
CC 2-100
11-20 xcowl, length of cowl surface
Card N2 2-10 N@I = N@I = must be punched in
CC 2‘10-
11-20 N@I, inlet number associated with
this jet
Card N3 2-10 UINF = UINF = must be punched in
CC 2"10-
11-20 Uoo) freestream velocity, ft/sec
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CASE NUMBER 2

THESE CARDS COMPRISE A SINGLE
CASE. AS MANY CASES AS ARE
DESIRED MAY BE STACKED FOR A
SINGLE COMPUTER SUBMISSION,

| 1
[NI ZGRND

CASE NUMBER 1

Figure 119: DATA CARD ARRANGEMENT FOR REINGESTION
PREDICTION PROGRAM TEM-3568
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3.3 TR and TV System Performance Computer rrogram Usage
Program TEM-357 consists of four modules as noted below. Four-
letter capitalized control words are used to direct program
execution to the appropriate subroutine.

Internal Performance Module (INTE)

Engine Stability Margin Module (ENGI)

Aerodynamic Interference Module (AERO)

Reingestion Module (REIN)

Data Input Format

Input to TEM-357 falls into three categories: control cards,
title cards, and numeric input. As their name implies, the
control cards control execution of the program. The control
cards must be punched in card columns 1 to 4. All input data,
except title cards and control cards, are punched in number
fields seven columns wide, with ten fields per card. Decimal
points should always be punched for every input number.

The general card stacking arrangement is shown in Figure 1l21.
There are no restrictions as to sequence of the four major
modules. The control word END punched in card columns 1 to 3
terminates program execution. Detailed card inputs for the
four modules are contained in the following sections.

Internal Performance Module (INTE)

The Internal Performance Module contains data correlations for
the following types of cruise nozzles, thrust reversers, and
vectoring nozzles.

Nozzle Control Word | Page
conical CONI 190
:;g::gs annular ANNU 192
l noncircular EQUI 194
| target (clamshell
Egi::ger' and annular) TARG 196
{ blocker deflector BLOC 200
'l single bearing SING 202
three-bearing THRE 204
thrust spherical eyeball SPHE 206
vectoring
nozzlies lobstertail LORS 208
|| external deflector
casvade losse:{ cascade lattices CASC 210
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(Blank)

les




———

{ CONTROL CARD FOR APPROPRIATE MODULE

/ TITLE CARD

DATA CARDS FOR APPROPRIATE MODULE
[ CONTROL CARD FOR APPROPRIATE MODULE

{ TITLE CARD
/ case

Figure 121:  DATA CARD ARRANGEMENT FOR SEVERAL CASES, PROGRAM TEM-357

189




Detailed card inputs for each type of nozzle are described

on the pages noted in the foregoing table. Several of the
subroutines (CONI, ANNU, EQUI, SING, THRE, SPHE, LOBS) were
modified during Task 3.2 in order to make Reynolds number
scale corrections. The full scale Reynolus number (calculated
at a reference nozzle pressure ratio of 1.5) is punched in the
eighth field (card column 50-56) in the E format and musg be
right adjusted. For exarple, a full scale Re of 10.4x10

would be punched as follows:

Card‘golumn

50| 51| 52|53 54]55]| 56
711l 10 . 4 |E |6

The check mark () indicates a blank. Sample Case Number
Two in Appendix II (page259) illustrates the scale correction
inputs and outputs.

CONI Input

Figure 122 displays the data card arrangement for conical
cruise nozzles. A description of the card input follows.

Card Column Code Explanation

card 1 1-4 C@NI Control card - contains the
word C@NI

Card 2 1-7 LEVEL = 1. indicates "Level 1" per-

formance predictions

= 2, indicates "Level 2" per-
formance predictions

8-14 ODR/L nozzle offset/duct length
15-21 (>3 internal wall angle at nozzle
trailing edge in degrees
omit o( if LEVEL = 1,

22-28 Dl/D2 nozzle entrance/exit diameter
Omit Dl/D2 if LEVEL =1,
50-56 Re,, full scale Reynolds number at a

reference noz2zle pressure ratio
of 1.5. Punched in E Format

and right adjusted. See above
example.

Omit if scale corrections are not
desired.
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Figure 122: DATA CARD ARRANGEMENT FOR CONICAL CRUISE NOZZLES
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ANNU Input

Figure 123 displays the data card arrangement for annular

cruise nozzles.

A description of the card input follows.

Card Column Code Explanation
Card 1 1-4 ANNU control card - contains the word
ANNU
Card 2 1-7 LEVEL = 1, indicates "Level 1" per-
formance predictions
= 2, indicates "Level 2" per-
formance predictions
8-14 AR/L nozzle offset/duct length
15-21 o internal wall angle at noz:zle
trailing edge in degrees. Omit
X if LEVEL =1l. :
22-28 AD/AE duct entrance/nozzle exit area
omit AD/AE if LEVEL = ],
2%-35 R° nozzle exit outer radius
36-42 Ri nozzle exit inner radius
50-56 Refs full scale Reynolds number at a
reference nozzle pressure ratio
of 1.5. Punched in E format and
right adjusted. See example on
page 190. Omit if scale corrections
are not desired.
Card 3 1-7 N = number of pressure ratios
in Card Set 4. 1l. € N = 20.
Card
Set 4 1-7 (PT/PBo) nozzle pressure ratios at which
8-14 (P /P )1 perforiscnce predictions are de-
T/ 700 7y sired. There must be N of these
15-21 (PT/P“‘)3 values, ten numbers per card.
22-28 (PT/P“ )‘
29-35 (PT/P“ )5
36-42 (PT/P“ )6
43-49 (PT/P., )7
50-56 (Pp/Pog )8
57-63 (PT/PQ )9
64-70 (PT/P«’ )
10
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Figure 123:  DATA CARD ARRANGEMENT FOR ANNULAR CRUISE NOZZLES
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EQUI Input

Figure 124 displays the data card arrangement for noncircular

shaped cruise nozzles.

A description of the card input

follows:
Card Column Code ‘'Explanation
Card 1l 1-4 EQUI control card - contains the
word EQUI
Card 2 1-7 LEVEL = 1. indicates "Level 1" per-
formance predictions
= 2. indicates "Level 2" per-
formance predictions
8-14 AR/L nozzle offset/duct iength
15-21 X internal wall angle at nozzle
trailing edge in degrees
Omit o¢ if LEVEL = 1.
22-28 Dl/D2 nozzle entrance/exit diameter
omit Dl/D2 if LEVEL = ],
53-60 Refs full scale Reynolds number at
a reference nozzle pressure
ratic of 1.5. Punched in E
format and right adjusted. See
example on page 190. Omit if
scale corrections are not desired.
card
Set. 4 1-7 (PT/P¢,,)1 nozzle pressure ratios at which
8-14 (P /Pa ) performance predictions are de-~
T "% 7y sired. There must be N of these
15-21 (PT/P«, )3 values, ten numbers per card.
22-28 (PT/P« )
29-35 (PT/P,, )5
36-42 (PT/P,, )6
43-49 (PT/P,, )7
50-56 (PT/Pao )a
57-63 (PT/P,o)9
64-70 (P,../F,. )
T %10
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DATA CARD ARRANGEMENT FOR IRREGULAR SHAPED CRUISE NOZZLES
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TARG Input

Figures 125a and 125b display the data card arrangement for
annular and clamshell target thrust reversers. A description

of the card input follows:

Card Column Code Explanation
Card 1 1-4 TARG control card - contains the
word TARG
Card 2 1-7 TAR = 1, indicates clamshell target
thrust reverser
= 2, indicates annular target
reverser
Card 3A* | 1-7 @ blockage angle in degrees,
see Figure 23
8-14 e door angle in degrees, see
Figure 23
15-21 C/H throat gap/annulus height, see
Figure 23
22-28 Ar/Ac reverser exit area/cruise
nozzle exit area
Card 3C**| 1-7 L/D door length/nozzle exit diameter
' 8-14 X/D setback distance/nozzle exit
diameter
15-21 LH/D average lip height/nozzle exit
diameter
22-28 A sweep angle in degrees, see
Figure 13
29-35 e arc angle in degrees, see Figure 13
36-42 cone angle in degrees, see
Figure 13
43-49 B bevel angle in degrees, see
Figure 13
Note: * Omit card 3A for clamshell target thrust reversers.

L 2

Omit Card 3C for annular target thrust reversers.
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Card Colum Code Explanation
Card 4 1-7 N = number of pressure ratios in
Card Set 4. 1l. = N < 20.
Card
Set 5 1-7 (PT/P‘,O) nozzle pressure ratios at which
8-14 (P_/P )1 performance predictions are de-
T/ "0 sired. There must be N of these
15=-21 (PT/Poo )3 values, ten numbers per card.
29
22-28 (PT/PQO )4
- /
29~35 \PT/Poa )5
36-42 (PT/Poo )6
43-49 (PT/Poo )7
50~56 (PT/POo )
8
57-63 (PT/Pm )
9
64-70 (PT/POO )
10
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a) ANNULAR TARGET THRUST REVERSER INPUTS

T T ~Y _1— Y “;;h ¢
{ ‘p:)l { )2 { )3 (e i)s | )?T | )s ( )9 ( )10
F i L4 T L T L4 B L 4 L] L 4 '

TARG !

bl CLAMSHELL TARGET THRUST REVERSER INPUTS

Figure 125:  DATA CARD ARRANGEMENT FOR TARGET THRUST REVERSERS

Preceding page blank
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Bu@C Input

Figure 126 displays the data card arrangement for blocker

deflector and blocker cascade thrust reversers.

of the card input follows:

A description

Card Column Code Fxplanation
Card 1 1-4 BL@C control card - contains the word
BL@C
Card 2 1-7 BFLAG = 0. indicates blocker deflector
thrust reverser
= 1., indicates blocker cascade
thrust reverser
Card 3 1-7 ©4p blocker door angle in degrees,
see page 162
8-14 s/h blocker door setback/annulus
height, see page 162. Omit if
BFLAG = 0.
Card 4 1-7 N = number of pressure ratios in
Card Set 4. 1l.= Ns 20.
Card
Set 5 1-7 ‘PT/PZo) nozzle pressure ratios at which
8-14 (P../Po ) performance predictions are de-
ik B sired. Ther must be N of these
15-21 (PT/P“)3 values, ten numbers per card.
22-28 (PT/Poo )
29-35 (PT/Po. )5
36-42 (Pp/Pey )
43-49 (PT/P,_ )
50-56 (PT/P“ )8
57-63 (PT/P., )9
64-70 (PT/P., )
10
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Figure 126: DATA CARD ARRANGEMENT FOR BLOCKER DEFLECTOR AND
BLOCKER CASCADE THRUST REVERSERS
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SING Input

Figure 127 displays the data card arrangement for single
A description of the card input

bearing vectoring nozzles.,

follows:
Card Column Code Lxplanation
Card 1 1-4 SING control card - contains the word
SING
Card 2 1-7 (08 bearing plane angle in degrees,
see Figure 28
8-14 I¢] bearing duct angle in degrees,
see Figure 28
15-21 ] bearing rotation angle in
degrees, see Figure 28
22-28 n flow turning angle measured
from cruise nozzle centerline
ir degrees. See page 42.
Program automatically calculates
L :f 1t 1s not input.
29-35 AOR/L nozzle cffset/duct length
50-56 Refs full scale Reynolds number at
a reterence nozzle pressure
ratio at 1.5. Punched in E
format and right adjusted as
shown on pagel90, Omit if
scale corrections are not desired.
Card 3 1-7 N = number of pressure ratios
in Card Set 4. 1l.s N = 20.
Card
Set 4 1-7 (PT/PQ,) nozzle pressure ratios at which
8-14 (P../P L performance predictions are de-
T/, sired. There must be N of these
15-21 (P /Poo ) values, ten numbers per card.
T 3
22-28 (PT/P.,. )4
29-35 (PT/P"‘ )5
36-42 (PT/P.°)6
43-49 (PT/P” )7
50-56 (PT/Pao )8
57-63 (PT/P,Q )9
64-70 (PT/Poo )
10
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Figure 127"

DATA CARD ARRANGEMENT FOR SINGLE BEARING NOZZLES
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THRE Input

Figure 128 displays the data card arrangement for three bearing
A description of the card input follows:

vectoring nozzles.

Card Column Code Explanation
Card 1 1-4 THRE control card - contains the word
THRE
Card 2 1-7 @ bearing plane angle in degrees,
see page 145
8-14 AD/AE duct entrance/nozzle exit area
15-21 T vector angle in degrees, see
page 145
22-28 A length of center section
29-35 L total nozzle length
36-42 D duct eatrance diameter
50-56 Refs full scale Reynolds number at
a reference nozzle pressure
ratio of 1.5. Punched in E
format and right adjusted as
shown on page 190. Omit if scale
corrections are not aesired.
Card .
Set 4 1-7 (PT/E>° ) nozzle pressure ratios at which
8-14 (P. /Pus ) performance predictions are de-
T "® 7, sired. There must be N of these
15-21 (PT/POO)3 values, ten numbers per card.
29-35 (PT/Poo )5
36-42 (PT/P,°)6
43-49 (PT/P” )7
50-56 (PT/PQ )
57-63 (PT/Poo)9
64-70 (PT/Pao )
10
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Fiovre 128: DATA CARD ARRANGEMENT FOR THREE BEARING NOZZLES
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SPHE Input

Figure 129 displays the data card arrangement for spherical
eyeball vectoring nozzles. A descripticn of the card input
follows:

Card Culumn Code Explanation
Card 1 1-4 SPHE control card - contains the word
SPHE
Card 2 1-7 2] mechanical vector angle in degrees
50-56 Refs full scale Reynolds number at a

reference nozzle pressure ratio

of 1.5. Punched in E format

and right adjusted as shown on

page 190. Omit if scale corrections
are not desired.

Card 3 1-7 N 2 pnumber of pressure ratios in
vard Set 4. 1. £ N= 20,

Card
Set 4 1-7 (Pp/Pag ) nozzle pressure ratios at which
8-14 (P../P )1 performance predictions are de-
e, sired. There must be N of these
15-21 (PT/POO)3 values, ten numbers per card.
22-28 (Pr/Pog )4
29-35 (Pn/Peo )5
43-49 (PT/POo)_’
50-56 (PT/Poo)a
57-63 (PT/PO.)9
64-70 (Pp/Peo )
10
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Figure 129: DATA CARD ARRANGEMENT FOF SPHERICAL EYEBALL NOZZLES
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LgBS Input

Figure 130 displays the data card arrangement for lobstertail
or aft-hood deflector nozzles. A description of the card input

follows:
Card column Code Explanaticn
Card 1 1-4 L@BS control card - contains the word
L@BS
Card 2 1-7 e mechanical vector angle in
degrees
50~56 Refs full scale Reynolds number at
a reference nozzle pressure
ratio of 1.5. Punched in E
format and right adjusted as
shown on page 190, Omit if
scale correctione are not de-
sired.
Card 3 1-7 N = number of pressure ratios
in Card Set 4. 1. € N = 20.
Card
Set 4 1-7 (PT/PO°) nozzle pressure ratios at which
8-14 (®. /P )1 performance predictions are de-
S0,y sired. Theremust be N of these
15-21 (PT/Pw)3 values, ten numbers per card.
22~28 (PT/Poo)4
29-35 (PT/POQ)5
36-42 (PT/Pao)6
43-49 (PT/P,,O)7
50~56 (PT/Pog )8
57-63 (PT/Poo)9
64-70 (PT/P,°)
10
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DATA CARD ARRANGEMENT FOR LOBSTERTAIL
OR AFT-HOOD DEFLECTOR NOZZLES

209




EXTE Input

Figure 131 displays the data rard arrangement for external
deflector nozzles. A description of the card input follows:

Card Column Code Explanation
Card 1 1-4 EXTE control card - contains the word
EXTE
Card 2 1-7 CFLAG = 0. indicates flat plate

deflector

= ], indicates curved deflector

2. indicates hinged external
deflector

8-14 5] mechanical vector angle in degrees.
Omit if CFLAG = 2,

15-21 X/D hinged deflector setback dis-

tance/nozzle diameter in TV
mode, see page 266. Omit if
CFLAG = 0. or lo ~

22-28 Dn/D nozzle diameter in TV mode/cruise
nozzle diameter, see page 266.
Omit if CFLAG = 0. or 1.

29-35 ¥ deflection angle defined in
sketch on page 266. Omit if
CFLAG = 0. or 1.

Card 3 1-7 N = number of pressure ratios in
Card Set 4. 1l. =N = 20,

Card
Set 4 1-7 (Pp/Pog ) nozzle pressure ratios at which
8~14 (P /P ) performance predictions are de-
T "oe ') sired. There must be N of these

15-21 (PT/Poo) values, ten numbers per card.

22-28 (PT/POQ)
29-35 (PT/Poo)
36-42 (PT/Poo)
43-49 (PT/P“')
50-56 (PT/Poo)
57-63 (PT/Poo )
63-70 (PT/Poo)

O O 0 Ut & W
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Figure 131:  DATA CARD ARRANGEMENT FOR EXTERNAL DEFLECTOR NOZZLES
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CASC_Input

Figure 132 displays the data card arrangement for cascade loss

predictions. A description of the card input follows:
Card Column Code Explanation
Card 1 1-4 CASC control card - contains the word
CASC
Card 2 1-7 8, inlet blade angle in degrees,
see Figure 38
8-14 X, gas inlet angle in degrees,
see Figure 38
15-21 c/s blade chord/pitch ratio, see
Figure 38
22-28 o/s opening/pitch ratio, see Figure 38
29-35 s/e pitch/curvature ratio, see
Figure 38
36-42 t/c thickness/chord ratio, see
Figure 38
43-49 te/s trailing edge thickness/pitch
ratio, see Figure 38
50-56 'I‘TN nozzle total temperature, °R
57-63 ) ratio of specific heats
64-70 | blade length, see Figure 38
Card 3 1-7 c blade chord, see Figure 38
8-14 Awall end wall and stiffener wetted
Yy arcza/blade wetted area
tlade
Cara 4 1-7 N = number of pressure ratios in
Card Set 4. 1. £ N = 20.
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Engine Stability Margin Module (ENGI) Input

Figure 133 displays the data card arrangement for the Engine
Stability Margin Module.

follows:

A description of the card input

Card Column

Code

Explanation

Card 1 1-4

Card 2 1-7

8-14

15-21

22-28

29-35

Card 3 1-7

ENGI

BPR

TRMIX

TRAN

TTRAN

POWER

control card - contains the word
ENGI

bypass ratio, 2. = BPR = 12.

1, indicates mixed flow engine

2. indicates non-miaed flow
engine

-1l. indicates engine decel

" indicates steady state
operation

+l. indicates engine accel

time at which engine accel or
decel is initiated, seconds

if TRAN = -1., percent engine
power level &t end of engine
decel from 100 percent power

if TRAN = 0., percent steady
state power level

if TRAN = +1., percent engine power
level at start of engine accel
to 100 percent power

number of times and area matches
to follow in Card Set 4.
l. = N = 20.
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APPENDIX I
CHANG'S THEORY FOR THE ROLLUP OF A JLT IN CROSSFLOW
The complex potential for flow around a circular cylinder

is given by

T
w=U 1%+£L

where w = Ug? is the complex potential for uniform flow,
and the second term is a doublet of strength p=1TUga
located at the origin with its axis in the -x direction, and

"a" is the radius of the cylinder. The complex variablcs
w and z arc given by

W=¢+A'¢ ('))

2= X+AY = re*®

wherc @ and 9 are the potential and stream functions. The
complex velocity field is given by

dw

— = u-iv (4)
dz

From Equations 1 and 2 the complex potential w is separated
into its real and imaginary parts @ and ¥ .

L
# = Up(r+ & )coso ()

¥z Ugp(r- 9;)56'\9

(6)

The velocity components are given by

t
Vr--:-&: U“(f-g;‘-t)cose (7

] ay.;
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The circulation strength for a segment of the circle can be

replaced by a discrete vortex filament, as shown on the
following sketch:

6( = ("")?:&I - %

0, (D¢ T
_

A6 = =7

The circulation is found by integrating the velocity vector

along a path from point 1 to point 2.

8.

6,__‘
M = J 3,-d3 =-J V, rde

6, .
P - J Ugo 1+ %—t>sin9 rde
e

Integration of Equation 10 gives the vortex strength:

r'”'-' 4T Uy, asin %sin[% (n—@

Referring to the following sketch:

(X P)yf)
M r - .
G?///”//W:/\q=u+4v

(Xny Yn)

7

i
X
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the velocity components induced at a point (xp, y ) by a
vortex of strength F‘ at the point (x ¢ Yy ) are glven by

r. M Jp-JYn (12)
u, = n 5“16 T e
" 2ur Aig (xp_x")z+ ()'p‘yn)l
A" Xp=Xn
"7 g 0% TR gt Gy |

The deformation of the jet cross section, comprised of the
vortex filaments, is found by assuming that the filaments

are free to move in space for a finite time periocd. Their
direction of travel is in the direction of the velocity vector
induced by all the other elements. Thus, the lateral dis-
placement of each vortex filament is found by:

Ax = AT§ u, (14)
Ay = man Vin (15)

where At is the time interval that is fixed by the jet
velocity and the distance chosen for steps between cross
sections, As.

The procedure is similar for finding the deformation of a
cross section other than circular, the difference being the
strength of the vortex filaments must be determined from

some other source. The three-dimensional potential flow
program TEA-230 (Ref. 7) was used to find the vortex strengths
for TYPE = 2. rectangular jets. The effect of rectangle
aspect ratio on the vortex filament strengths is shown in
Figure Al.

Linear interpolation for vortex strengths at aspect ratios
other than a/b = 0.25, 1.0, and 4.0 was found inadequate.
This was not unexpected because linear superposition of
solutions is valid only if the geometry is fixed and flow
conditions vary. However, an asymptotic equation for vortex
strength as a function of a/b rrovided an excellent fit to
the data at all intermediate values.

r‘f-a?;g.—'a-: +C3 (16}
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VORTEX STRENGTH, r
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VORTEX POSITION NUMBER 18 7
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© _ o , a/b=025
19 7
Voo
g 25 abb=4 1
Figure Al1: EFFECT OF RECTANGLE ASPECT RATIO ON VORTEX STRENGTH
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where the constants Cl’ C2, and C3 are solved for by satisfying
equation (16) at a/b = 0.25, 1.0 and 4.0.

- r'o.ts =~ Ve
C = — =y (17)
[ons-ct 1-Cq ]
. _ 0.25-4k
R e (18)
C
Cy= f".o XY -'c,_ {(19)
where
K= 0qs e~ lee
r‘o.ls = r‘l-ﬁ (20)

The flow direction relative to the cross section has an important
effect for rectangular-shaped sections. The effect of wind
direction is shown in Figure A2. Solutions for any wind
direction can be obtained by linearly combining solutions for

0 and 90 degrees because the geometry is fixed.

r‘ = r‘°° COJP + F’O‘ sinP (21)

The vortex strengths for a/b = 0.25, 1.0, and 4.0 at relative
wind directions of 0 and 90 degrees are tabulated in subroutine
RCROSS. Vortex strengths for a particular case are found by
asymptotic interpolation (equations 16-20) to account for
rectangle aspect ratio and by Equation 21 to account for
relative wind direction.
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APPENDIX II

Program Sample Cases

This appendix contains card input formats and computer print-
outs for sample cases computed by programs TEM-356A, TEM-356B,
and TEM-3%7,.

Jet Trajectory and Spreading Program TEM-356A

A typical sample case computed by TEM-356A is described below.

TYPE = 1. Input--This sample case is for the circular jet

shown 1in Figure 63. Program inputs are shown in Figure Bl.

The jet's initial position (x, y, z) is located at the reference
coordinate system origin, vector angle is 135 degrees, and
dynamic pressure ratio qj/q¢,= 2.78.

TYPE = 1, Printout--Computer printout is given in Figure D2.
Printout includes program inputs, (x, v, 2z) ~oordinate out~-
put of points on the cross section, and summary daia for the
jet trajectory, thickness (DEL), and width (H). The (x, y, 2)
coordinates were punched on cards for computer plotting.

Reingestion Prediction Program TEM-356B

Two sample cases were computed by TEM-356B. Input
formats and computer printout for each case are described
in the following paragraphs.

Sample Case Number One Input--This sample case is for an

early design version of the 747 airplane with long duct

nacelles and annular target thrust reversers as sketched

in Figure 74. Program inputs are shown in Figure B3.

Nacelles are located at 30 and 50 percent span locuations.

The inboard thrust reverser plume is represented by a

TYPE = 4, annular jet defined by MR = 10. arms vectored

120 degrees from the ¥ axis. Flow coditions are 70

knots freestream velocity (Ug= 118.16 ft/sec) and q;/q,= 40.96.

Sample Case Number One Printout--Computer printout is given in
Figure B4. Printout includes inlet and jet input data followed
by reingestion diagnostic predictions. On vagc five of thc
printout, the program predicts far-field fountain reingesticn
of the fourth jet arm into the outboard inlet. NIP is the
number of points intersecting an inlet streamtube at each
aximuth angle, X, On page ten, crossflow reingestion is
predicted into the outboard inlet. Data summarizing the
number of points intersecting the inlct streamtube are printed
on page ll. Eight intersection points occur for the third arm.
The (x, y. 2z) coordinates of the inlet streamtube are printed
out for clock angles from 0 degrees to 360 degrees.
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JET TRAJECTURY AND SPREADING PROGRAM TEM3IS6A

VATE OF RUN APR 22, 1972

IYPt = Lo INDICATES A CIRCULAR JET PLUMF

Ivee = 2, ENDICATES A SJQUARE UK RECTANGUL AR JET PLUME

TrPe = 3, INVICATES A TwO-OIMENSIUNAL JET PLUME

TYPg = 4. INDICATES AN ANNULAR OR UMARRELLA SHAPEU JEY PLUME

EnvPul CunDITIONS FUR THE FIRST JET FOLLCW ON THE NFXT PAGF

Figure B2:  PROGRAM PRINTOUT FOR TYPE = | SAMPLE CASE

224




$0ur}

TYPE = 0.1E+01,

XY20 = 0400 0400 0.0,

TXYZ = -0.,707107E+00, 0.0, -0.707107E+00,
ARATIO = 0.277778E+01,

UINF = 0.,5t+02,

AL PHA = 0.0y
PS1 = 0009
0 = 0.2E+01,

DELSD = 0.2E+00,

$END

Flgure B2:  PROGRAM PRINTOUT POR TYPE = 1 SAMPLE CASE (Cont)
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COOROINAYE OUTPUT OF JET CROSS SECTION NUMBER l
IS LISTED BELUM

POINT X Y 2 X0 YC
l « 7071 0.0000 ~o 7071 1.0000 0.00090
l - «7011 -+1305 -« 7011 «9914 .130%
3 «6830 -02588 '06830 09659 02588
4 06533 ~e3827 -e6533 «923% «3827
) 6124 ‘05000 ‘¢6l2‘ .Bbe 5000
6 5610 -+6C88 -+5610 o 1934 «6088
7 +5000 -+ 7C71 -+5000 «7071 « 7071
8 «4305 -e 7934 ~e4305 06088 7934
9 03536 °08660 -n3536 « 5000 .8660
10 02706 ’09239 '02705 03527 09239
11 « 1830 -¢9659 -.1830 « 2588 «965Y
12 «09323 -«9914 -.0923 1305 «9914
13 ~-,0000 ~1.0C00 + 0000 -+0u00 1.0000
14 ’00923 -o9914 <0923 °ol’05 9914
15 ’0‘630 ~e9659 «1830 ’04588 9659
16 ~+2706 ~¢9239 «2706 -e 3827 «9239
17 -03536 '08660 «35306 -+ 5000 08660
18 ‘0‘305 -e1534 «4305 -.0088 « 1934
19 -+5000 -+ 7C71 «5000 -.7071 «7071
25 °05610 -.6(C88 «5610 ~s (934 <6088
21 ’0612‘ -+5C00 6124 -+ 8660 «5000
22 -.6533 -.3827 «6533 ~e 9239 <3827
23 -+6830 -.2588 «6830 -~ 9659 «2588
2‘ '07011 ‘0‘305 .7011 ’09914 01305
25 -.7071 «0C00 « 7071 -1.00C0 -+0000
26 -+7011 «1305 «7011 -~ 9914 ~+1305
27 ~-+6830 «2588 «6830 -2 9659 ~¢2588
28 ~e6533 3827 ¢ 6533 -e9239 -e3827
29 ~.6124 «5000 8124 -+ 80060 -+500C
30 '05610 «6C88 «5610 -~ 1934 ~.6088
3t -+5000 «7071 «5000 -.1011 -.7071
32 -+4305 « 7934 %305 -+60088 -e7934
33 -e3536 « 8660 «3536 -¢5000 ~.8660
34 -«2706 9239 «27006 ~e3827 ~-e9239
35 -.1830 «9659 «1830 -s2588 - 9659
36 -.0923 «9914 «0923 ~e1305 -e9914
37 «0000 1.0000 -+0000 «0000 -1.,0000
38 0923 e9614 -.0923 1305 -.9914
39 «1830 9459 -« 1830 25088 -49659
@ «2706 .9239 ~+2706 3827 -e9239
41 ¢3536 « 8660 -+3530 «5000 -+8660
42 305 « 71934 -+430> «o0u8 - 1934
43 .5000 07071 -+5000 « 70171 '07071
46 .5610 +6C08 -.5610 « 71934 ‘06088
45 6124 «5000 -+ 6124 « 8660 ~+5000
46 06533 03827 °06533 09239 °o3827
41 «6830 «2588 -¢6830 9659 -.2588
48 01011 01305 ’o7°ll 0991‘ ‘01305
49 «7071 -.0000 -.7071 . Ll.u00G0 «0000

‘A BY PPOGAAN PRINTOUT FOR TYPE = 1 SAMPLE CASE (Cont)




PUINT

—
DODNC VLA WN -

11
12
13
14
15
ié
i7
18
19
20
’1
22

24
25
26
27
28
29
30
3l
32
33
34
35
36
37
18
39
40
41
62
43
44
45
46
47
48
49

X
4307
04265
4140
«3930
«3635
«3254
«2T86
02232
«1593
0874
«0081

-«0777
'01688
“02637
‘03608
‘04581
'05535
~eb447
°0729“
“-8056
“08110
‘092~0
‘09630
‘09868
-¢9949
-.9868
'09630
~e9240
~«8710
~«805¢
‘07294
~e6447
~«5513%
‘0‘58[
~e3
“026 7
'01668
-«0777
«0081}
«0874¢
«1593
2232
2786
3254
«3635
3930
4243
4265
«%307

1S LISTED BELOW

Y

«0000
-e1122
-+2236
~e3332
‘o“OO
-+ 5429
~+6406
'07313
-.8136
“08856
‘09453
~+9%09
~1.0206
-1.C329
‘100264
«1.0003
-;954!
’08881
-+8028
~¢6997
‘05806
~s4479
-.3647
‘01542
«+0000
«1542
3047
4479
«5806
«6597
+8028
«8681
9541
1.0003
1.0264
1.0329
1.0206
«9909
9453
«8856
«8136
«7313
+ 6406
5429
«4400
«3332
odeclb
1122
=-+0000

P4
~«985)
-+9809
~e 3686
~e9479
-09189
‘08814
‘-8353
~eT808
‘07‘7’
~eb47?
“ e 5692
~e 4848
“0395‘
‘03017
‘02061
—.1104
~e0l65

0732
« 1566
2315
« 2959
e 341}
<3864
s+ 4099
s4l?7a
« 4099
¢ 3864
% LT
¢« 2959
«2315
o 1564
« 0732
'00165
-0110‘
-.2061
~+3017
‘03951
“04848
‘.5692
-e6472
‘07l79
~« 7808
~.8353
‘0881‘
~aSlb9
~e9479
~+.9686
=+ 9809
‘09850

- reesry YW '

XC
s8375
8316
v8l4l}
« 1346
7433
«6bY8
“0d4l
e2463
4567
«e3959
%46
1443

‘00035
~elsot
‘02730
~+404%5
~e5433
‘06’12
‘07901
~eb970
~e9d 08
~leo3l
“lel il
~l.1513
‘101625
~lel5142
~l.1178
'1006’1
-804
-+ 89170
“07901
‘00712
‘05533
~+4095
’02730
~.lJbB
-+ 0035
el243
LYY
«3559
@567
5403
w624}
+6898
7433
+T866
8l4l
8316
8375

YC
+0000
«1100
2191
+3265
4312
«5320
26276
oTl68
1972
«8677
«9262
« 9709

1.0000
1.0120
1.00587
+9801]
¢ 9249
« 8701
e 7886
e 6855
5648
«4389
«2986
1511
=-.0000
‘olbll
-02986
‘0*389
‘05688
‘06855
“07866
‘nB?Ol
~293%49
'09801
~1.0057
-1.0120
=-1.0000
~e«9709
‘09262
'08677
‘07972
’o’lbb
‘o62'6
~+5320
-.6)!2
~e3265
‘oZlgl
-.1100
«0000

Fourm 82: fuoonauumuunourﬂoa??ns-rsnurlscmssaxnv
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COORDINATE QUTPUT OF JET CROSS SECTIUN NUMBER S0

X
13,7434
14.0449
13,8784
14,1111
14.,137C
14.0615
14.0125
13.9702
13.9550
l4.1264¢
14.2273
14.2823
14,1982
14.0804
13.8974
13.8763
14.0886
143406
14,4721
14.5562
14.5758
14.5225
14.4387
14.3282
13.7391
14.328¢
14.4387
14.5225
14.5758
14.55%62
16.4721
14.3406
14,0886
13.8763
13.8974
14.080¢
164.1982
14.2823
14,2373
14.1246¢
13.9550
13.9702
14.0125
14.0615
14.1370
14.1111
13.8784
14.0449
13.7434

IS LISTED BELOUW

Y
« 0000
-1.8078
-3,0268
-3.,6819
‘30011‘
‘2.8328
-4,0825
-2.7933
’105‘21
-1.,8788
-2.2503
-3.35¢81
-402322
“07358
~3.,€122
-1.7716
-+ 7856
~1.2633
’107672
-2.4272
-3,5216
~4,32¢€3
~4,3679
-4,8566
«0000
4.8566
4.3¢79
43263
3.5216
2.4CT2
l.7672
l.2633
«7€56
1.7716
3.6122
4.7358
4.2322
3.3581
2.2503
l.8768
1.5421
2.793)
4.C0825
2.8328
3.0114
3.8619
3.0268
1.8C78
~-+0000

4
-10.2242
“Te 7425
‘901126
~Te1977
~6,9842
~T7.6055
‘8.009“
-8.3572
~8.4823
-T.0867
°601588
-5.,7885
-6.4808
~7.4501
'8.9562
~9.1303
-7.3828
-5.3080
'4-2255
-3.5334
’3.3720
-3.8110
-4.5009
'5-‘105
=10.259¢
-5.4105
-4.5009
‘308110
'303720
’30533‘
"oZ‘SS
=-5.3080
-7.382d
=9.1303
-809502
-10‘501
~6.,4808
-5.7885
=6.1584
-7.0867
-8,48¢3
-8.35172
~8.0094
-7.6055
’6.98‘2
-7.1977
-9.1126
'701‘2’
-10.2242

XC
~4.6797
~3.3706
'600960
~3.0906
~2+91785
~3,3047
~3.5168
~3.6994
-3,7650
-3.0323
242451
~2+3506
~2.7T142
'302‘31
"00139
~4.1053
‘101878
-2.4984%
~l. /300
~l.2 666
-1l.0019
“le3lsl
-lob,~6
‘201522
“he0981
-2.15%22
~loes 146
-l.3123
-1l.0819
~lel bbb
=1.5300
-2.09084
-3.108178
‘“0‘053
-4.0139
=3.¢d3)
-2s71 42
=de3506
'205451
-3.0323
-3.7650
“3.6994
~3.5168
=3.3047
-2.9785
-3.0906
-4.,0960
=3,37066
~4.6797

YC
«0000
«5040
8438

1.00822
«8395

« 7897
l1.1381
« 7787
«4299
<5238
6273
9362
1.1799
1.3203
1.007G
«4939
«2190
+3522
4927
«6711
9818
1.20u1
1.2177
1.3539
-+0000
°103§39
-1.2177
-1.2061
'09818
‘ob'll
°o‘927
~e3522
~+2190
-+%939
-1.0070
-1.3203
=1.1799
‘09362
~e62173
~e5238
-+4299
- 1787
~1l.1381
'.7897
'08395
-1.0822
-28438
-.5040
«0000

Figure B2: PROGRANM PRINTOUT FOR TYPE = | SAMPLE CASE (Cont)
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CROSS
SECTICN

SUMMARY GF JET

s/C
0.0000
«2000
«4C00
«6000
.8000
1.0000C
1.2000
1.4000
1.6000
1.8000
2.0000
2.2000
2.4000
2.6C0C
2.800¢C
3.0000
3.200C
3,4900
34500C
3.800C
4.0000
4,2000
4.4000
4.6000
4«,8000
5.,00C€0
5.20CC
5.40C0
5.40C0
$.8000
6.0000
042000
6.4000
65.6000
6.8000
7.0000
1.2000
71.4000
7.600C
7.8000
4.0000
8.2000
8.4000
8.60C0
A.8000
9.0000
9.2000
9.4000
9.6000
9.4000

Figure 82: PROGRAM PRINTOUT FOR TYPE = 1 SAMPLE CASE (Concluded)

CENTERLINE ANU SPREADING COEFFICIENT UATA

X/0
0.0000
~+1410
~e2197
-.4131
-+ 53269
-, 0440
~s1215
'0761‘
~. 7040
=.6005
- 4007
~.3012
-e120¢

oChTL

092

hlbd

«tC20

7613

«GR20
l.1738
1.36064
1.5598
1.7¢%3¢
1.644)
241432
2.3388
2.5342
2.7202
249264
3.1228
3.3195
3.5163
3.7134
3.9108%
4. 1C78
4.305%3
4.5C29
4.,700%
4,8983
5.0962
S5¢2941
5.4621
5.6602
S.4084
6.0867
6.2850
6.483)
6.06818
6.80802
1.0787

i/0
0,0000
«1418
+ 2859
« 4369
«5919
« 1600
oS08
l.1421
l.3363
1.50060
1s6692
\e 2697
1.873¢0
le90%0
2404b>
2123
241932
22570
2¢ 3lou
203760
24265
2:4795
245202
2.5140
246195
2.602¢%
2. 7039
247439
2.73206
2. 8201
2. 8505
2.8919
2492065
2.9568
2.99)5
3.0¢63
3.05%5
3.005v
3.8
3, 1464
3.1736
3.201¢4
3.2280
3.25517
Je20d2
3.3002
3.337
3.5
3. 33
3,4079

xT
0.0000
-e2821
e 5544
-s 8262
-1.0739
-l.2u8l
~le6626
~l.4947
-1-6081
=1.¢000
-e9213
-e6023
-e2010
cuivhl
ed03
02 b9
Ls2v60
l.b827
l.95040C
Qo365
2.T73¢8
3. 1196
3.5075
3.09065
“el0bb
4.0711
S.06 86
5.4003
2.08528
6s24D7
06350
Teu327
1.4267
Ten2ll
8.¢197
de010Cb
9.0057
9.4010
Ve T906
10.1943
10.5882
10.9843
11,3605
1le7769
1251733
12.5099
12.9607
13.563%
14.76Ce
16,1575

229

Yy
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.000C
0.0000
C.0000
0.0003C
0.0G00
0.C000
0.000¢C
0.000C
0.000C
0.0000
0.000¢C
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
C.0000
0.0000
V. 0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

13}

0.0000
2821
5594
«8262
1.0739
1.2881
l.4426
le®947
1.4081
1.2010
<9213
«06023
2610
~.091
~e4503
‘08289
=1.2040
-1l.5827
=1.9640
=2.34175
-2.7328
=3.119¢6
-3.5075
-308965
-&.2!66
-4,6771
-5.0684
-5.460)3
-5.6528
“bs 2657
~6.06390
=7.0327
"06261
-T.8211
-8.2197
-8.6106
=-9.,00587
-90‘010
°9.'9§6
-10.1923
-10.5082
=10.9843
-11.3805
“1l.7769
-12.1733
=12.,5699
-12.9667
=13.363%
«13.7606
~14.1575

OEL
2.0000
2.0000
2.0000
2.0000
2.,0000
2.C000
240000
2.0000
2.0000

'2,0000

2.0000
2.0000
2.0000
2.187)3
2.4176
£¢6536
240949
de.lale
3.3939
3.650€
J.9126
41790
4.6499
4,7251
5.0045
5.2880
5.5756
5.6992
59,7680
5.83%2
5.,9009
5.9651
6.,0279
6.009¢
601497
6.20880
6.2668
643237
6.3796
06,4345
6.4885
6.5416
6.5938
6.6452
6.,69%9
6.7457
6.7948
0.8432
6.8909
6.,9380

H
2.0000
2.0658
2.1315
2.1973
242631
2.3288
243940
2.4604
2.5261
2.5919
2.6577
2.7234
2.788%°
3.0022
Je7la?
4.0529
4,3986
o751
5.111¢
S.777
S.85C8
6422Gb
646151
1.0063
7.403)
7.0058
7.%789
R,07%3
84,1693
8.2612
8.3511
8.¢39)]
8.5252
8.6096
8.6923
8.7735
8.8532
8.9315
92,0084
9.0839
9,1583
9.231¢
9.,303)
9.3742
9.4440
9.,5127
9.5805
9.647)
9.7131
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This case demonstrates the need for good arm definition for

TYPE = 4. jets.

Because the annular surfacc is represcnted

by discrete arms, they should be placed strategically pointing
down and between inlets to cnsure that potential intersection
points are determined for far-field fountain and crossflow

reingestion.

Sample Case Number Two Input--This case was designed to test

some of thc near-field fountain reingesticn criteria., Program
inputs are given in Figure B5. Two inlets and three jetc were

input.

Sample Case Number Two Printout--Computer printout is given in

Figurc B6. Near-field fountain reingestion is predicted on
fages 10 and 11 of the printout.

TR and (V Cystem Performance Progiram

Thirtzen samgle cases wcre computed by TEM=-357, Input focrmats
and computer printouts fcr each casc are described in the
following paragraphs.

Sample Case Number Cne for ENGI--Program inputs and printout

are shown in Figures B/ and B8. Printout parameters are
identified in the following tablc.

Parameter Explanation
T time
AMF fan nozzle area match
AMP primary nozzlc area match
AMC common nozzle area match
PCF thrust level, percent
PCD duct thrust/total thrust, percent
SMF fan stability margin, percent
SMC compressor stability margin, percent
DSMC compressor stability margin changc due to
engine zcceleration or dcceleraticn, percent
SMCNET net compresscr stability margin, percent
CPF allowablc fan total pressure distcrtion, percent
DPC allowable compressor total tcmperature distor-
tion, percent
DPMAX allowable engine total pressure distortion,
percent
DT allowablc engine total temperature distortion,
percent
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Sample Case Number Two for CONI--Program inputs and printout
are shown in Figures B9 and B10. Skin friction, wetted area
(applies only if Dhe-cl.O), underexpansion, and bearing offset

losses arc listed separately. The Reynolds number scale correc-

tion option was used for this case. Nozzlc Cv and CD were

corrected to a full scale Reynolds number Reg = 10.4x106.

Sample Case Number Threec for ANNU--Program inputs and printout for
an annular nozzle are given in Figures B9 and Bll. Skin
friction, underexpansion losses, and annular nozzle /AC, incre-
ments relative to a standard convergent nozzle are listed
separately.

Sample Case Number Four for EQUI--Program inputs and printout

appearing in Figures B9 and Bl2 are similar to those for CONI.
The exception is a CV penalty for increased wetted area due to
the Dhe taerm.

Sample Case Number Five for TARG--Program inputs and printout
for a clamshell target TR are given in Figures Bl3 and Bl4.
Printout parameters are identified in the following table.

Parameter Explanation
EBASE baseline corrected reverser efficiency
DELBYD reverser efficiency increment due to door
length, L/D
DEXBYD reverser efficiency increment due to setback,
X/D
DEHBYD reverser efficiency increment due to average
lip height, LH/D
DESWEP reverser efficiency increment due to sweep
angle, A
DEARC reverser efficiency increment duec to arc
angle,®
DECONE reverser efficiency increment due to cone
angle, &
DEBEVL reverser efficiency increment due to bevel
angle, B
ETARC corrected reverser efficiency, ﬂhc
ETARG static rever - - ency, 7%9
PHI airflow match,
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Sample Case Number Six for TARG-- Program inputs and printout
for an annular target TR are given in Figures Bl3 and BlS.

Sample Case Number Seven for BLOC--Program inputs and printout
for a blocker external deflector TR are given in Figures Bl13
and Bl6. Printout parameters are identified in the fcllowing
table.

Parameter Explanation
ERBASE baseline static reverser cfficiency
DERBASE increment due to wliocker door angle
ETARG statiec revcrser efficiency,77R~
>
LTARC corrected revcrser efficiency, ”R*
PHIBASE baselinc airflow match
DPHI increment due to bleocker door angle
PlI airflow match, ¢

Sample Casc Number Eight for SING--Proarar inputs and printout
for a single bearing nozzle are given in Figvwres Bl7 and B1S8.
Theoretical thrust components fcr this nozzle were given in
Figure 29.

Sample Cise Number Nine ror THRE-~Program inputs and printout
for threze bcaring rozzle configuration number eight are con-
tained in Figures Bl17 and Bl9.

Sample Ca.se Number Ten for SPHE--F.cgram inputs and printout
for a spherical eyeball nozzle arc given in Figures Rl7 and
B20.

Sample Case Number Eleven for LOBS--Program inputs and printout
are given in Figures B2]1 ond B22 for a lobstertai. nozzle.

Sample Case Number Twclve for EXTE--Program inputs and printout
are given 1in Figures B2l and B23 for a hingcd external deflector.
Correlaticns for hinged deflectors werc developed during Part

IC and are discussed in Volume II of this rcport. Special
gecmetric inputs rejuired are X/D_, D_/D, and ¥ as defined in
the following sketch: r n
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Sample .Case ‘Numbér Thirteen foi CASC--Program inputs and printout
are given: in Figures B2l and B24 for a cascade lattice with
blade entrancé angle of 15 degrees and solidity c/s = 1.5.

OQutput parameters include exit ‘Mach number M., outlet flow

angle o(,+ total pressure loss Ap Pp/Poo -+ Cyji and Cp
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